
INTERFACE SHEAR STRENGTH IN LIGHTWEIGHT 

CONCRETE BRIDGE GIRDERS 

 

by 

Jana Scott 

 

 

Thesis submitted to the faculty of the  

Virginia Polytechnic Institute and State University  

in partial fulfillment of the requirements for the degree of 

 

MASTER OF SCIENCE 

IN 

CIVIL ENGINEERING 

 

 

 

Carin Roberts-Wollmann, Chairperson 

Thomas E. Cousins 

Cristopher D. Moen 

 

 

 

June 18, 2010 

Blacksburg, VA 

 

 

 

Keywords: Horizontal Shear, Lightweight Concrete, Precast Girder, Cast-In-Place Deck, 

Shear Friction 



 
 

INTERFACE SHEAR STRENGTH IN LIGHTWEIGHT 

CONCRETE BRIDGE GIRDERS 

by 

Jana Scott 

 

ABSTRACT 
 Precast girders and cast-in-place decks are a typical type of concrete bridge construction. A key 

part of this type of construction is developing composite action between the girder and deck.  In order to 

develop composite action, adequate horizontal shear resistance must be provided at the interface. As 

lightweight concrete is increasingly being used in bridge designs, it is important to understand the 

horizontal shear behavior of lightweight concrete.  

 The current AASHTO LRFD Specification provides design equations for horizontal shear 

strength of both lightweight and normal weight concrete. Thirty-six push-off tests were performed to 

determine if the current code equations accurately predict the horizontal shear strength of precast girders 

and cast-in-place decks for both normal weight and lightweight concrete. The different test series 

investigated effects from lightweight and normal weight concrete used for the girder/slab combination 

and the quantity of shear reinforcement provided across the interface. 

 The test results were compared to the results predicted by current design equations. A structural 

reliability analysis was performed and the test-to-predicted statistics were used to define LRFD resistance 

factors and quantify the probability of failure. The current design equations were found to be conservative 

and more conservative for lightweight concrete than for normal weight concrete. 

  

  



iii 
 

ACKNOWLEDGEMENTS 
 I would like to thank Dr.Carin Roberts-Wollmann and Dr.Thomas Cousins for their guidance, 

support, and patience throughout the duration of this research. It was an honor to work with them 

throughout my graduate career and without their input this research would not have been possible. I 

would also like to thank Dr.Moen for his advice and comments and also for serving on my committee. 

 I would like to express a vast amount of appreciation to my family for their continuous support 

and direction throughout my life and helping me achieve my goals. They have provided me with the 

opportunity to further my academic career and have encouraged my success every step of the way. 

 I owe many thanks to Dennis Huffmann and Brett Farmer for all of their hard work and 

tremendous amount of help with my research in the lab.  Many thanks go to my fellow graduate students 

for their assistance and encouragement along the way specifically, Bernie Kassner, Jon Emenheiser, Marc 

Maguire, Adam Bowland, Lori Koch, and Jordan Jarrett.  

 

 

 

 

 

 

 

 

 
 

 



iv 
 

TABLE OF CONTENTS 

ABSTRACT.................................................................................................................................................. ii 

ACKNOWLEDGEMENTS ......................................................................................................................... iii 

TABLE OF CONTENTS ............................................................................................................................. iv 

LIST OF FIGURES ..................................................................................................................................... vi 

LIST OF TABLES ..................................................................................................................................... viii 

CHAPTER 1: INTRODUCTION ................................................................................................................. 1 

1.1 Horizontal Shear Transfer ............................................................................................................. 1 
1.2 Lightweight Concrete .................................................................................................................... 4 
1.3 Research Objective and Scope ...................................................................................................... 4 
1.4 Thesis Organization ...................................................................................................................... 5 

CHAPTER 2: LITERATURE REVIEW ...................................................................................................... 6 

2.1 Horizontal Shear ........................................................................................................................... 6 
2.1.1 Horizontal Shear Stress ......................................................................................................... 6 
2.1.2 Horizontal Shear Strength Equations .................................................................................... 9 

2.1.2.1 Hanson ............................................................................................................................ 10 
2.1.2.2 Saemann and Washa ....................................................................................................... 10 
2.1.2.3 Birkeland ......................................................................................................................... 11 
2.1.2.4 Mast ................................................................................................................................. 13 
2.1.2.5 Shaikh ............................................................................................................................. 13 
2.1.2.6 Loov ................................................................................................................................ 14 
2.1.2.7 Walraven ......................................................................................................................... 15 
2.1.2.8 Mattock ........................................................................................................................... 15 
2.1.2.9 Mau and Hsu ................................................................................................................... 17 
2.1.2.10 Loov and Patnaik ........................................................................................................ 17 
2.1.2.11 Hwang, Yu and Lee .................................................................................................... 18 
2.1.2.12 Kahn and Mitchell ....................................................................................................... 18 
2.1.2.13 Kahn and Slapkus ........................................................................................................ 19 

2.1.3 ACI 318-08/318R-08 for Horizontal Shear ......................................................................... 19 
2.1.4 AASHTO LRFD Bridge Design Specifications (4th Edition) ............................................ 21 

2.1.4.1 Wallenfelsz ..................................................................................................................... 24 
2.2 Summary of Literature Review ................................................................................................... 25 

CHAPTER 3: SPECIMEN DETAILS AND TEST SET-UP ..................................................................... 26 

3.1 Specimen Description ................................................................................................................. 26 
3.2 Specimen Fabrication .................................................................................................................. 27 
3.3 Material Properties ...................................................................................................................... 30 
3.4............................................................................................................................................................ 32 
3.5 Test Set-Up ................................................................................................................................. 32 

3.5.1 Description .......................................................................................................................... 32 



v 
 

3.5.2 Specimen Instrumentation ................................................................................................... 34 
3.5.3 Testing Procedure ............................................................................................................... 38 

CHAPTER 4: PRESENTATION OF RESULTS AND ANALYSIS ......................................................... 41 

4.1 Typical Test Behavior ................................................................................................................. 41 
4.1.1 Tests without Shear Reinforcement .................................................................................... 44 

4.1.1.1 Lightweight Girder with Lightweight Deck .................................................................... 45 
4.1.1.2 Normal Weight Girder with Normal Weight Deck ......................................................... 47 
4.1.1.3 Normal Weight Girder with Lightweight Deck .............................................................. 48 

4.1.2 Tests with 1 No.4 Bar ......................................................................................................... 51 
4.1.2.1 Lightweight Girder with Lightweight Deck .................................................................... 53 
4.1.2.2 Normal Weight Girder with Normal Weight Deck ......................................................... 54 
4.1.2.3 Normal Weight Girder with Lightweight Deck .............................................................. 55 

4.1.3 Tests with 3 No.5 Bars ........................................................................................................ 56 
4.1.4 Tests with 5 No.6 Bars ........................................................................................................ 61 

4.2 Strains in Shear Reinforcement ................................................................................................... 62 
4.3 Strut and Tie Model .................................................................................................................... 66 
4.4 Results Compared to AASHTO LRFD ....................................................................................... 68 

4.4.1 Friction Coefficient and Cohesion ...................................................................................... 74 
4.4.2 Reliability Analysis ............................................................................................................. 77 

4.5 Results Compared to Wallenfelsz ............................................................................................... 84 

CHAPTER 5: SUMMARY, CONCLUSIONS AND RECOMMENDATIONS ....................................... 88 

5.1 Summary ..................................................................................................................................... 88 
5.2 Conclusions ................................................................................................................................. 89 
5.3 Design Recommendations........................................................................................................... 90 
5.4 Recommendations for Future Research ...................................................................................... 91 

REFERENCES ........................................................................................................................................... 93 

APPENDIX A ............................................................................................................................................. 95 

 

  



vi 
 

LIST OF FIGURES 
Figure 1.1 Precast girder with a cast-in-place deck and applied load ........................................................... 1 
Figure 1.2 Non-composite action .................................................................................................................. 2 
Figure 1.3 Composite action ......................................................................................................................... 3 
Figure 1.4 Forces at interface ........................................................................................................................ 4 
Figure 1.5 Typical Push-Off Test Specimen ................................................................................................. 5 
Figure 2.1 Free Body Diagram ..................................................................................................................... 7 
Figure 2.2 Equilibrium Forces ...................................................................................................................... 9 
Figure 2.3 Shear friction hypothesis ........................................................................................................... 12 
Figure 3.1 Typical Push-Off Test Specimen ............................................................................................... 26 
Figure 3.2 Horizontal Shear Stirrup Placement .......................................................................................... 28 
Figure 3.3 Typical Specimen with 1 No.4 Bar............................................................................................ 28 
Figure 3.4 Typical Specimen with 3 No.5 Bars .......................................................................................... 29 
Figure 3.5 Typical Specimen with 5 No.6 Bars .......................................................................................... 29 
Figure 3.6 Formwork for cast-in-place deck on pre-cast girder .................................................................. 30 
Figure 3.7 Typical girder formwork ........................................................................................................... 32 
Figure 3.8 Test Frame Set-Up ..................................................................................................................... 33 
Figure 3.9 Steel Plate .................................................................................................................................. 34 
Figure 3.10 LVDTs anchored to test specimen ........................................................................................... 35 
Figure 3.11 Top LVDT placement .............................................................................................................. 35 
Figure 3.12 Bottom LVDT placement ........................................................................................................ 36 
Figure 3.13 Strain gages with protection .................................................................................................... 37 
Figure 3.14 Strain gage placement on specimens with one No.4 bar ......................................................... 37 
Figure 3.15 Strain gage placement on specimens with three No.5 bars and five No.6 bars ....................... 38 
Figure 3.16 Load cell cradle ....................................................................................................................... 39 
Figure 3.17 Testing procedure .................................................................................................................... 40 
Figure 4.1 Typical Load versus Slip Graph for Specimens without Shear Reinforcement ........................ 44 
Figure 4.2 LL-0-A Failure Plane................................................................................................................. 46 
Figure 4.3 LL-0-A Interface Surface .......................................................................................................... 46 
Figure 4.4 NN-0-C Failure Plane ................................................................................................................ 47 
Figure 4.5 NN-0-A Interface Surface ......................................................................................................... 48 
Figure 4.6 NL-0-A Failure Plane leading into the deck .............................................................................. 49 
Figure 4.7 NL-0-B Failure Plane along the interface .................................................................................. 49 
Figure 4.8 NL-0-B Failure Surface ............................................................................................................. 50 
Figure 4.9 NL-0-A Failure Surface ............................................................................................................. 51 
Figure 4.10 Typical Load versus Slip Graphs for Specimens with 1 No.4 Bar .......................................... 52 
Figure 4.11 Typical Failed LL-1 Specimen ................................................................................................ 54 
Figure 4.12 Typical Failed NN-1 Specimen ............................................................................................... 55 
Figure 4.13 Typical Failed NL-1 Specimen ................................................................................................ 56 
Figure 4.14 Failure in NL-3-A .................................................................................................................... 57 
Figure 4.15 Typical Load versus Slip Graph for Specimens with 3 No.5 Bars .......................................... 58 
Figure 4.16 Failed LL-3-A Specimen ......................................................................................................... 59 
Figure 4.17 Failed NN-3-A Specimen ........................................................................................................ 60 
Figure 4.18 Failed NL-3-C Specimen ......................................................................................................... 60 
Figure 4.19 Failed LL-5-A Specimen ......................................................................................................... 62 
Figure 4.20 Illustration of the Net Clamping Force .................................................................................... 63 
Figure 4.21 Typical Load versus Strain Graph ........................................................................................... 64 
Figure 4.22 Load vs Strain Compared to Load vs Slip ............................................................................... 64 
Figure 4.23 Percent of Yield Strain in Shear Reinforcement for 1 No.4 Bar ............................................. 65 
Figure 4.24 Percent Yield Strain in Shear Reinforcement for 3 No.5 Bars ................................................ 65 



vii 
 

Figure 4.25 Strut and Tie Model ................................................................................................................. 67 
Figure 4.26 Ratio of Experimental to Calculated Nominal Shear Strength of Lightweight Concrete versus 

Normal Weight Concrete ............................................................................................................... 71 
Figure 4.27 Ratio of Experimental to Calculated Design Shear Strength of Lightweight Concrete versus 

Normal Weight Concrete ............................................................................................................... 71 
Figure 4.28 Ratio of Experimental to Calculated Nominal Shear Strength versus Ratio of Shear 

Reinforcement ................................................................................................................................ 72 
Figure 429 The Standard Normal Variables of the Ratio of Experimental to Calculated Nominal Shear 

Strength .......................................................................................................................................... 73 
Figure 4.30 The Standard Normal Variables of the Ratio of Experimental to Calculated Design Shear 

Strength .......................................................................................................................................... 74 
Figure 4.31 Coefficient of Friction for Lightweight/Lightweight Specimens ............................................ 75 
Figure 4.32 Coefficient of Friction for Normal Weight/Normal Weight Specimens ................................. 76 
Figure 4.33 Coefficient of Friction for Normal Weight/Lightweight Specimens ....................................... 76 
Figure 4.34 Reliability Indices versus Resistance Factors .......................................................................... 82 
Figure 4.35 Reliability Index versus Percentage of Live Load versus Percentage of Dead Load from 

Wearing Surface for Lightweight/Lightweight Specimens............................................................ 83 
Figure 4.36 Reliability Index versus Percentage of Live Load versus Percentage of Dead Load from 

Wearing Surface for Normal Weight/Normal Weight Specimens ................................................. 83 
Figure 4.37 Reliability Index versus Percentage of Live Load versus Percentage of Dead Load from 

Wearing Surface for Normal Weight/Lightweight Specimens ...................................................... 84 
Figure 4.38 Bond Failure Stress Results with Wallenfelsz’s Modified Equation ....................................... 85 
Figure 4.39 Post Crack Interface Stress Results with Wallenfelsz’s Modified Equation ........................... 85 
Figure 4.40 Failure Results Including 5 No.6 Bars with Wallenfelsz’s Modified Equation ...................... 86 
Figure 5.1 Bond Failure Stress Results with Recommended Shear Resistance Equation .......................... 91 

 
  



viii 
 

LIST OF TABLES 
Table 3.1 Test Matrix .................................................................................................................................. 27 
Table 3.2 Batch Values Per Cubic Yard ..................................................................................................... 31 
Table 4.1Push - Off Test Results ................................................................................................................ 43 
Table 4.2 Summary of Test Results without Shear Reinforcement ............................................................ 45 
Table 4.3 Summary of Test Results with 1 No.4 Bar ................................................................................. 53 
Table 4.4 Summary of Test Results with 3 No.5 Bars ................................................................................ 58 
Table 4.5 Summary of Test Results with 5 No.6 Bars ................................................................................ 61 
Table 4.6 Predicted Horizontal Shear Values with Strut and Tie Model .................................................... 68 
Table 4.7 Summary of Experimental and LRFD Calculated Horizontal Shear Strength............................ 70 
Table 4.8 Experimental Cohesion Values ................................................................................................... 77 
Table 4.9 Statistical Values Used in Monte Carlo Simulation for Each Test Combination ....................... 81 
Table 4.10 Bias and Coefficients of Variation ............................................................................................ 81 
Table 4.11 Calculated Resistance Factor versus LRFD .............................................................................. 82 
Table 4.12 Summary of Experimental and Wallenfelsz Calculated Horizontal Shear Strength ................. 87 

 
 

 



1 
 

 CHAPTER 1: INTRODUCTION 

1.1  Horizontal Shear Transfer 

 A common concrete bridge system in the United States is precast girders and cast-in-place decks. 

A key part of this type of construction is forming composite action between the bridge girder and the 

bridge deck. In composite action, the girder and deck act together providing a stiffer and stronger system 

than in a non-composite system.  

 In a non-composite system, only friction forces act between the deck and girder. Dead and live 

loads on the system cause a vertical force to act on the deck and girder which, for non-composite action, 

creates tension in the bottom of the deck and the bottom of the girder and compression in the top of the 

deck and top of the girder and each segment deforms separately. Figures 1.1 and 1.2 show non-composite 

action between a bridge deck and girder. In Figure 1.2, the separate flexural strain distributions in the 

deck and girder and displacement in the deck relative to the girder are shown. 

 

 

Figure 1.1 Precast girder with a cast-in-place deck and applied load 
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Figure 1.2 Non-composite action 

(not to scale) 

 

In a composite system, horizontal shear forces develop at the interface between the deck and 

girder. Rebar crossing the interface of the deck and girder is referred to as shear reinforcement and 

usually provided in a composite system. The forces acting on a composite system and flexural strain 

distribution on a composite system can be seen in Figure 1.3 below. The horizontal shear forces shorten 

the bottom of the deck and elongate the upper portion of the girder and the two segments deform together. 

This allows the use of smaller beams and the ability to design longer spans without encountering a major 

increase in deflection. It is important to transfer these horizontal forces across the interface to achieve 

composite action. The horizontal shear forces are transferred through friction, dowel action from provided 

shear reinforcement, and cohesion/aggregate interlock. 
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Figure 1.3 Composite action 

 

With composite action, minimal relative slip occurs between the deck and girder. Typically, the 

surface of the girder is raked, and as the deck and girder begin to slip relative to each other, the deck 

begins to rise over the raked surface and pieces of aggregate at the interface. This causes tensile forces to 

develop in the shear reinforcement provided. As tension develops in the shear reinforcement, compression 

normal to the interface is in turn applied across the interface causing friction between the two surfaces. 

These tensile and compressive forces form perpendicular to the horizontal shear forces at the interface. 

Figure 1.4 shows a deck containing shear reinforcement with the resultant compressive forces acting on 

this section and the forces that are developed at the interface of the deck and girder. 
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Figure 1.4 Forces at interface 

 

1.2 Lightweight Concrete 

 The use of lightweight concrete in bridge superstructures provides a major advantage over normal 

weight concrete in that lightweight decreases the dead load of the superstructure up to approximately 

25%. This reduced dead load allows for bridge designs to use wider girder spacing, longer spans, and 

smaller bridge substructures. Although lightweight concrete provides these advantages over normal 

weight concrete, the structural performance and material properties of lightweight concrete are not as well 

known as those of normal weight concrete. This results in some hesitation from designers and owners to 

use lightweight concrete in practice. 

 Further research on lightweight concrete is required to address these concerns of using 

lightweight concrete in bridge designs. Previous tests have indicated that the resistance to slip along a 

shear plane in lightweight concrete is smaller than in normal weight concrete because lightweight 

aggregate allows for cracks to easily penetrate through the aggregate rather than around the aggregate as 

found in normal weight concrete.  

 

1.3 Research Objective and Scope 

 Composite action between a bridge deck and girder relies on the ability to transfer horizontal 

shear forces across the interface. It is important to examine lightweight concrete’s ability to transfer 

horizontal shear forces across this interface to better understand the use of lightweight concrete in bridge 
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design. The objective of this research is to investigate the interface shear strength of lightweight concrete 

used in cast-in-place concrete decks on precast concrete girders. To accomplish this, 36 push-off tests 

were performed. Figure 1.5 illustrates a typical test specimen used in this research. Details of these 

specimens are provided in Ch.3. 

 

 

Figure 1.5 Typical Push-Off Test Specimen 

 

 Variables studied within these 36 push-off tests included the area of steel crossing the interface, 

and the use of either lightweight or normal weight concrete for the girder or deck portion of the push-off 

specimen.  The current AASHTO LRFD design equation and resistance factors were examined in this 

research. The resistance factor is a statistical based multiplier applied to the nominal resistance and must 

be greater than or equal to the factored force due to the total load based on applicable load combinations. 

The current resistance factor for shear in lightweight concrete is lower than that for shear in normal 

weight concrete. To investigate the resistance factor, each test configuration was performed three times to 

present a suggestion of the variability of lightweight and normal weight concretes.  

 

1.4 Thesis Organization 

 Chapter 2 contains a summary of previous research on horizontal shear strength and the 

development of equations currently used to calculate the nominal shear strength at a precast concrete 

girder and cast-in-place concrete deck interface. Chapter 3 discusses the test set-up, testing method, and 

parameters of each series of test specimens that were used. Chapter 4 presents the results from the tests 

conducted and provides an analysis of the results that were found. Chapter 5 provides recommendations 

and conclusions from the research performed. 



6 
 

 CHAPTER 2: LITERATURE REVIEW 

2.1 Horizontal Shear  

 In bridge design, it is important to develop composite action between the bridge deck and bridge 

girder. The horizontal shear forces that develop at the interface of the deck and girder need to be 

adequately transferred across the interface for composite action to be achieved. It is important to be able 

to predict the horizontal shear forces that will be developed at the interface and to understand the 

horizontal shear strength of the materials that are used.   

 

2.1.1 Horizontal Shear Stress 

 The horizontal shearing stress at any point in a beam’s cross section can be determined by 

multiple available equations. The following equation is one of the most fundamental equations for 

calculating horizontal shearing stress and comes from the elastic beam theory.  

𝜈 =
𝑉𝑄

𝐼𝑏𝑣
 (2.1) 

where: 

 𝜈 = horizontal shear stress 

 𝑉 = vertical shear force at section 

 𝑄 = first moment of area of portion above interface with respect to neutral axis of section 

 𝐼 = moment of inertia of entire cross section 

 𝑏𝑣 = width of interface 

 This equation assumes the section is uncracked and linear elastic. Loov and Patnaik (1994) 

suggest equation 2.1 can be used for cracked sections if the first moment of area and moment of inertia 

are based on the cracked section properties.   

 The ACI Code 318-08, Sec. 17.5.3 specifies that in a composite member, the horizontal shear 

strength at contact surfaces of interconnected elements must meet the limit state: 
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𝑉𝑢 ≤ 𝜙𝑉𝑛  (2.2) 

 

where: 

 𝑉𝑢 = factored shear force (required strength) 

 𝑉𝑛  = nominal horizontal shear resistance 

 𝜙 = strength reduction factor 

Figure 2.1 shows a free body diagram of a composite bridge deck and girder illustrating the basis of 

calculating the horizontal shearing stress.  

 

                        

Figure 2.1 Free Body Diagram 

 

where 𝑏𝑣, and 𝑉𝑢 are previously defined and: 

 𝑑 = distance from extreme compression fiber to centroid of tension reinforcement for entire  

        composite section 

 𝑉𝑢 = factored horizontal shear force = 𝑣𝑢𝑏𝑣𝑑𝑥 

  𝑣𝑢= horizontal shear stress 

  𝑑𝑥  = length of section being analyzed 
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The sum of forces at point A in Figure 2.1 provides: 

𝑉𝑢𝑑𝑥 =  𝑣𝑢𝑏𝑣𝑑𝑥𝑑 (2.3) 

 

Rearranging Equation 2.3 then gives that the horizontal shearing stress can be calculated as: 

𝜈𝑢 =
𝑉𝑢

𝑏𝑣𝑑
 (2.4) 

 

 Another method of calculating shear stress is presented as an alternative method in ACI 318-08, 

Sec. 17.5.4. It states that the horizontal shear can be determined by calculating the change in compressive 

or tensile force in the slab at any segment along the length of the composite section. This change in force, 

through satisfying equilibrium conditions, is then transferred by horizontal shear to the girder. Figure 2.2 

illustrates equilibrium forces used for the basis of this method. The horizontal shear force to transfer 

across the interface can be defined as: 

𝑉𝑢 = 𝐶 (2.5) 

where: 

 𝐶 = the change in compression force in deck 

The equation for horizontal shear stress can then be defined as: 

𝜈𝑢 =
𝐶

𝑏𝑣𝑙𝑣
 (2.6) 

where: 

 𝑏𝑣 = width of interface 

 𝑙𝑣 = length of interface 
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Figure 2.2 Equilibrium Forces 

 

 These three equations for calculating shearing stress seem very different. It is important to 

understand how the equations are related and also when each equation is appropriate to be used. A rate of 

change of the shear force in the deck is considered in each equation. Equation 2.6 refers to the average 

rate of change of force over a section with the length, 𝑙𝑣, where the force changes from 𝐶 to zero. The 

term 𝐶 𝑙𝑣  shows this rate of change. Equation 2.1 refers to the rate of change of force in the flange at any 

section with the term 𝑉𝑄 𝐼 . By knowing that shear force can be defined as the rate of change of moment, 

𝑉𝑢 = 𝑑𝑀
𝑑𝑥  , equation 2.4 can be related. The term 𝑉𝑢 𝑑  is a simplification of equation 2.1 by assuming 

the compression zone is in the flange and the stress block depth variation is negligible. The compression 

force can then be described as 𝑀 (𝑑 −
𝑎

2
) , which makes the rate of change of the compression force 

𝑉 (𝑑 −
𝑎

2
) .   

 

2.1.2 Horizontal Shear Strength Equations 

 Many equations have been developed to determine the shear strength at the interface of a 

composite section. The following section presents equations from various researchers to predict interface 

shear strength. Throughout this section, 𝜌𝑣  is defined as:  

𝜌𝑣 =
𝐴𝑣𝑓

𝐴𝑐𝑣
 (2.7) 

where: 
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 𝐴𝑣𝑓= area of shear reinforcement crossing the interface 

 𝐴𝑐𝑣= area of concrete at the interface  

The nominal horizontal shear strength is referred to as 𝑣𝑛  and the term 𝜌𝑣𝑓𝑦  is referred to as the clamping 

stress: 

𝜌𝑣𝑓𝑦 =
𝐴𝑣𝑓𝑓𝑦

𝐴𝑐𝑣
 (2.8) 

where: 

 𝑓𝑦 = yield strength of the shear reinforcement 

 

2.1.2.1 Hanson 

 Research was performed by Hanson (1960) on push-off specimens and girder specimens to 

investigate composite action in concrete design. Different contact surface treatments were tested while 

concrete compressive strength was not considered. Hanson observed during his testing that the peak shear 

resistance was obtained when a slip of 0.005 in. occurred. The results determined the maximum shear 

stress resistance of a concrete precast girder and cast-in-place deck to be 500 psi for a roughened surface 

and 300 psi for a smooth surface. Hanson also proposed that in addition to these maximum values, 175 

psi of shear capacity could be added for each percent of area of reinforcement to area of concrete crossing 

the interface. This addition of shear capacity was derived from push-off test results for specimens 

containing No.4 stirrups when 0.005 in. of slip was exhibited. Hanson stated that the use of bigger stirrups 

for shear reinforcement may increase the shear capacity addition.  

 

2.1.2.2 Saemann and Washa 

 Tests were performed by Saemann and Washa (1964) on 42 full size T-beams to determine the 

strength of the shear joint between precast beams and cast-in-place slabs. The tests included 36 total 

different combinations varying the degree of roughness at the joint, percent of steel crossing the joint, 

length of shear span, the position of the joint in relationship to the neutral axis, effects of shear keys, and 

concrete compressive strength. The resulting equation for ultimate shear strength was as follows: 
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𝑌 =
2700

𝑋 + 5
+ 300𝑃(

33 − 𝑋

𝑋2 + 6𝑋 + 5
) (2.9) 

where: 

 𝑌 = Ultimate Shear Stress 

 𝑋 = effective depth, distance of centroid of tension reinforcement from compression face of    

       concrete 

 𝑃 = percent steel crossing the interface, 
𝐴𝑣𝑓

𝐴𝑐𝑣
 

The first term in this equation accounts for the equation of the curve fitting the data for specimens 

without steel crossing the interface. The second term then describes the effect of the addition of steel 

across the interface. 

Effective depth and percent of steel crossing the interface were the only significant variables 

affecting this equation. Results showed that as the ratio of shear span to effective depth increased, the 

ultimate shear strength decreased. Also, as the percent of steel across the interface increased, the ultimate 

shear strength increased. As more steel was placed across the interface, the effect of the roughness of the 

joint became less, and the effect was variable throughout the tests. Because of this, the roughness was not 

considered in the development of equation 2.9. 

 

2.1.2.3 Birkeland 

 Birkeland and Birkeland (1966) proposed the shear friction theory in a discussion of connections 

in precast concrete. Shear failure was described as slip along a crack in the concrete. The slip was resisted 

by friction, 𝜇𝑃, caused by the external clamping force, 𝑃. If reinforcement was provided across the 

interface, this sliding motion developed tension, 𝑇, in the reinforcement and provided a clamping force 

across the interface. The roughness of the crack was described as a frictionless series of sawtooth ramps 

with a slope of tan(𝜃). Figure 2.3 illustrates the basis of this method. An equivalent of the frictional 

force, 𝜇𝑃, was then described as 𝑇𝑡𝑎𝑛(𝜃). The ultimate shear force across the interface was assumed to 

be reached at yielding of the reinforcement and was written as follows: 

𝑉𝑢 = 𝐴𝑠𝑓𝑦 𝑡𝑎𝑛(𝜃) (2.10) 

where: 
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 𝐴𝑠 = total cross-sectional area of reinforcing across the interface 

 𝑓𝑦 = yield strength of reinforcing (≤ 60 ksi)  

 𝑡𝑎𝑛𝜃 = 1.7 for monolithic concrete 

  = 1.4 for artificially roughened construction joints  

  = 0.8 to 1.0 for ordinary construction joints and for concrete to steel interfaces  

 

 

 

Figure 2.3 Shear friction hypothesis  
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This equation was limited to a maximum reinforcement size of No.6 rebar or ½ in. diameter 

headed studs. It was also noted that the shear was developed by friction, not by bond and that the cohesive 

strength was neglected to form a lower bond for test data. 

 

2.1.2.4 Mast 

 Mast (1968) further discussed the shear friction theory. The equation was the same as that 

introduced by Birkeland but included a maximum shear stress of:  

𝑣𝑛 = 𝜌𝑣𝑓𝑦 tan 𝜃 ≤ 0.15𝑓′𝑐 tan 𝜃  (2.11) 

 

and the friction coefficient was examined more carefully by test results and determined to be as follows: 

  tan𝜃 = 1.4 to 1.7 for a crack in monolithic concrete 

  = 1.4 for a rough interface between precast and cast-in-place concrete 

  = 1.0 for concrete cast against steel 

  = 0.7 for concrete against smooth concrete 

ACI’s shear-friction design procedure was based on the idea of shear-friction. It became the most 

simple design model yet did not include the concrete’s strength effects or effects of cohesion between the 

two components at the interface. Loov and Patniak (1994) concluded that this model was very 

conservative for low clamping stresses and unsafe when considering high clamping stresses. 

 

2.1.2.5 Shaikh 

 Shaikh (1978) compared previously derived equations to test data and suggested an equation for 

shear strength in his revisions to shear-friction provisions in PCI. The area of reinforcement normal to a 

plane with ultimate shear can be expressed as: 

𝐴𝑣 =
𝑉𝑢

𝜙𝑓𝑦𝜇𝑒
 (2.12) 

where: 

 𝜙 = 0.85 for shear 
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 𝜇𝑒 = the effective coefficient of friction 

The effective friction coefficient should approach the friction coefficient (µ) as the interface capacity is 

reached. PCI stated the equation for effective coefficient of friction to be: 

𝜇𝑒 =
1000𝜆𝐴𝑣𝜇

𝑉𝑢
 (2.13) 

 where 1.0λ is substituted for μ, and λ was a constant used to account for the effect of concrete density: 

 𝜆 = 1.0 for normal weight concrete 

 𝜆 = 0.85 for sand-lightweight concrete 

 𝜆 = 0.75 for all-lightweight concrete 

The PCI Design Handbook (1992) based design requirements on the simplified form of these combined 

equations shown as follows: 

𝜈𝑢 = 𝜆 1000𝜙𝜌𝑣𝑓𝑦  ≤  0.25𝑓′𝑐𝜆2 and ≤ 1000𝜆2 (psi) 

The result was a parabolic equation that represented test data more accurately than the linear shear-

friction model.  

 

2.1.2.6 Loov 

 The first to incorporate the influence of concrete strength was Loov (1978). He proposed a shear 

stress equation in the form: 

𝜈𝑛

𝑓′𝑐
= 𝑘 

𝜎

𝑓′𝑐
 (2.14) 

where 𝑘 was a constant, and σ represented the normal compressive strength across the plane of the crack. 

The normal compressive strength was equal to the tensile stress from reinforcement across the crack by 

shear friction. The equation can then be written as: 

𝑣𝑛 = 𝑘 𝜌𝑣𝑓𝑦𝑓′𝑐 (2.15) 

Most test specimens had concrete strengths of 3000psi to 4500psi, and a value of 𝑘 = 0.5 was 

suggested for shear interfaces that were initially uncracked. 
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2.1.2.7 Walraven 

 Walraven (1987) performed push-off tests on a total of 88 specimens. Walraven paid close 

attention to the contribution of concrete’s compressive strength during analysis because of a high 

expectation from theoretical calculations of compressive strength to play a significant role in the shear 

friction capacity. Only the cube compressive strength, 𝑓′𝑐𝑐  , was available for most of the test specimens 

so this value was the basis of data evaluation. A statistical analysis of the results from these tests 

determined the equation for shear friction capacity to be: 

𝜈𝑢 = 𝐶3(0.007𝜌𝑣𝑓𝑦 )𝐶4 (psi) (2.16) 

where: 

 𝐶3 = 15.686𝑓′𝑐𝑐
0.406

 

 𝐶4 = 0.0353𝑓′𝑐𝑐
0.30

 

 𝑓′𝑐𝑐 = 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡 𝑜𝑓 5.9 𝑖𝑛.𝑐𝑢𝑏𝑒𝑠 

 𝑓′𝑐 = 0.85𝑓′𝑐𝑐 

The precision of this equation was found to be very high with an average test/calculated ratio of 

1.00 for 88 test specimens and a coefficient of variation of 0.11, but because of complexity of the 

formulas, it is not desired to be used directly in design. Walraven developed a design chart taking into 

consideration the compressive strength of concrete in which the required amount of shear reinforcement 

could be read directly. 

 

2.1.2.8 Mattock 

 Mattock has proposed several equations for horizontal shear strength throughout the years. In an 

experimental program performed in 1969, the objectives were to study the influence of the size and 

arrangement of shear reinforcement, the concrete’s compressive strength, dowel action of reinforcing 

bars, a pre-existing crack at the interface, and the application of the shear friction theory for interface 

strength. Push-off test specimens were used for this study.  It was determined that for low values of 𝜌𝑣𝑓𝑦  

PCI’s limit of 𝜈𝑛 ≤ 0.3𝑓′𝑐 was very conservative. Mattock proposed a modified shear friction method 

including a cohesion term as follows: 



16 
 

𝜈𝑛 = 0.8𝜌𝑣𝑓𝑦 +  400 (psi) (2.17) 

where: 

 𝜈𝑛 ≤ 0.3𝑓′𝑐   

 𝜌𝑣𝑓𝑦 ≥ 200 psi 

In further research, Mattock studied lightweight concrete and the application of the ACI 318-71 

provisions for shear transfer strength. ACI 318-71 Section 11.15 stated shear transfer strength to be given 

by: 

𝜈𝑢 = 𝜙𝐴𝑣𝑓𝑓𝑦𝜇 (2.18) 

(Note that in making comparisons, 𝜙 was taken as 1.0 since the material strengths and specimen 

dimensions were accurately known.) 

where: 

 𝜈𝑢 ≤ 0.2𝑓′𝑐  𝑎𝑛𝑑  800 psi 

and the coefficient of friction was given as: 

 𝜇 = 1.4 for concrete cast monolithically 

     = 1.0 for concrete placed against a hardened concrete 

     = 0.7 for concrete placed against as-rolled structural steel 

Mattock concluded these provisions may be used for shear transfer strength design calculations 

for lightweight concrete provided that the coefficients of friction are multiplied by the following factors 

whereas before applying these factors, predicted values were unconservative for test data. 

(1) For all-lightweight concrete having a unit weight not less than 92 lb per cubic ft, μ is 

multiplied by 0.75. 

(2) For sand lightweight concrete having a unit weight not less than 105 lb per cub ft, μ is 

multiplied by 0.85.  

Mattock also concluded equation 2.15 to be non-conservative for sand lightweight and all-

lightweight concrete. It was proposed for shear strength of sand lightweight concrete: 

𝜈𝑢 = 0.8𝜌𝑓𝑦 + 250 psi (2.19) 
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where: 

 𝜈𝑢 ≤ 0.2𝑓′𝑐  𝑎𝑛𝑑 1000 psi 

 𝜌𝑓𝑦 ≥ 200 psi 

For all-lightweight concrete: 

𝜈𝑢 = 0.8𝜌𝑓𝑦 + 200 psi (2.20) 

where: 

 𝜈𝑢 ≤ 0.2𝑓′𝑐  𝑎𝑛𝑑 800 psi 

 𝜌𝑓𝑦 ≥ 200 psi 

 

2.1.2.9 Mau and Hsu 

 In their discussion of Walraven’s shear friction capacity equation, equation 2.16, Mau and Hsu 

(1988) proposed a similar equation to that proposed by Loov, equation 2.15, where 𝑘 = 0.66 for both 

initially cracked and initially uncracked specimens. They also proposed a limit on shear stress of  

𝜈𝑛
𝑓′𝑐

 ≤ 0.33. The cube compressive strength, 𝑓′𝑐𝑐 , was converted to concrete compressive strength by 

multiplying by a factor of 0.85 as proposed by Walraven. It was stated this equation was advantageous in 

that the equation was dimensionless and deviates the least from Mattock’s modified shear friction 

equation. 

 

2.1.2.10 Loov and Patnaik 

 Loov and Patnaik (1994) derived one equation for horizontal shear strength of composite concrete 

beams with a rough interface to replace four of the equations required by the ACI Code at the time.  The 

derived equation combined the effect of clamping stress and concrete strength. Horizontal shear strength 

of composite beams without stirrups was analytically approximated as: 

𝜈𝑛𝑜 = 0.6 15𝑓′𝑐  (psi) (2.21) 
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A continuous curve fitting equation was then derived by combining this equation with Loov’s 

previous findings in equation 2.15. Horizontal shear strength was then calculated as: 

𝜈𝑛 = 𝑘𝜆 (15 + 𝜌𝑣𝑓𝑦 )𝑓′𝑐 ≤ 0.25𝑓′𝑐 (psi) (2.22) 

where 𝑘 = 0.6  

This provided a good lower bound for concrete strengths ranging from 2500 to 7000 psi. It was 

suggested for routine design in composite construction to use 𝑘 = 0.5 to provide a lower shear strength 

accounting for a possibly smoother interface. The factor λ varied as listed in 2.1.2.5 for lightweight 

concrete designs. 

 

2.1.2.11 Hwang, Yu and Lee 

 The study done by Hwang, Yu and Lee (2000) compared formulas required by ACI 318-95 with a 

softened strut and tie model of 147 experimental specimens. The proposed theory was contrary to that of 

the shear-friction theory, predicting that interface failure is caused by crushing of the concrete in the 

compression struts crossing the interface.  

 

2.1.2.12 Kahn and Mitchell 

 50 push-off tests were performed by Kahn and Mitchell (2002) to study if ACI’s shear friction 

theory was applicable to high strength concrete. The tests were performed using concrete strengths of 

6800 psi to 17900 psi and shear reinforcement ratios ranging from 0.37 to 1.47 percent. It was concluded 

that the shear friction theory provisions from ACI provided conservative estimates of high strength 

concrete’s interface shear strength. The equation proposed by Kahn and Mitchell incorporated a frictional 

component, 𝜇 = 1.4, and a component for bond, 0.05𝑓′𝑐  and better predicted results for normal and high 

strength concrete: 

𝜈𝑛 = 0.05𝑓′𝑐 + 1.4𝜌𝑣𝑓𝑦 ≤ 0.2𝑓′𝑐 psi (2.23) 

where the factor of 1.4 came from the friction coefficient for a rough joint. It was also recommended that 

in order to limit slip along smooth cracks, 𝑓𝑦  was limited to 60 ksi. As seen in the equation, the upper 

limit of 20% of the concrete compressive strength was still placed on the horizontal shear strength, but it 

was recommended that the shear stress upper limit of 800 psi be eliminated. 
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2.1.2.13 Kahn and Slapkus 

 Kahn and Slapkus (2004) performed research on interface shear strength in composite T-beams 

with high strength concrete. Six T-beams were cast using 12 ksi concrete for the precast webs, and three 

of the cast-in-place flanges used 7 ksi, while the other three used 11 ksi concrete. The ratio of transverse 

reinforcement crossing the joint ranged from 0.19 to 0.37 percent. It was concluded that the current 

design provisions from AASHTO LRFD (2
nd

 Edition) and ACI 318-02 could be applied to concrete 

strengths up to 11 ksi. It was also concluded that equation 2.22 developed by Loov and Patnaik provided 

the most accurate prediction of interface shear strength.  

 

2.1.3 ACI 318-08/318R-08 for Horizontal Shear 

 Horizontal shear design for ACI 318-08 Building Code is based on the following fundamental 

equation: 

𝑉𝑢 ≤ 𝜙𝑉𝑛  

where: 

 𝑉𝑛  = nominal horizontal shear strength (lb) 

             𝑉𝑢 = factored shear force at the section considered (lb) 

 𝜙 = 0.75 for shear 

The value of  𝑉𝑢 may be taken as the factored shear force at the section under consideration or by 

computing the change in compression or tension force at that section. The design strength of the section 

may then be calculated by following the series of equations shown below.  

If: 

𝑉𝑢 > 𝜙500𝑏𝑣𝑑 (2.24) 

then: 

𝑉𝑛 = 𝐴𝑣𝑓𝑓𝑦𝜇 ≤ 𝑚𝑖𝑛  
0.2𝑓′𝑐𝐴𝑐

800𝐴𝑐

  (2.25) 
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Else if: 

𝑉𝑢 ≤ 𝜙500𝑏𝑣𝑑 (2.26) 

 

then three surface preparations are considered to determine design strength. 

The first is when the contact surfaces are clean, free of laitance, and intentionally roughened then the 

following equation may be used: 

𝑉𝑛 = 80𝑏𝑣𝑑 (2.27) 

 

The second condition is when the contact surfaces are not intentionally roughened and minimum 

horizontal shear ties are provided. Then the previous equation may be used where the minimum 

reinforcement meets the equation: 

𝐴𝑣𝑚𝑖𝑛 = 0.75 𝑓′𝑐
𝑏𝑤𝑠

𝑓𝑦𝑡
≥

50𝑏𝑤𝑠

𝑓𝑦𝑡
 (2.28) 

 

The third surface preparation includes when the minimum horizontal shear ties are provided and the 

contact surfaces are clean, free of laitance, and intentionally roughened to a full amplitude of 

approximately ¼ in. The design equation is then as follows: 

𝑉𝑛 = (260 + 0.6𝜌𝑣𝑓𝑦 )𝜆𝑏𝑣𝑑 (2.29) 

 

For the above equations: 

 𝑏𝑣 = width of cross section at contact surface being investigated for horizontal shear (in.) 

 𝑑 = distance from extreme compression fiber to centroid of longitudinal tension reinforcement  

        (in.) but not less than 0.80h for prestressed members 

              𝐴𝑣𝑓 = area of shear friction reinforcement (in2) 

 𝑓𝑦  = specified yield strength of reinforcement (psi)  

 𝜇 = coefficient of friction 
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  = 1.4λ for concrete placed monolithically 

  = 1.0λ for concrete placed against hardened concrete intentionally roughened to    

     approximately ¼ in. 

  = 0.6λ for concrete placed against hardened concrete not intentionally roughened 

  = 0.7λ for concrete anchored to as-rolled structural steel by headed studs or by 

      reinforcing bars 

 𝜆 = lightweight modification factor 

  = 1.0 for normal weight concrete 

  = 0.85 for sand-lightweight concrete 

  = 0.75 for all lightweight concrete 

 𝐴𝑐 = area of concrete resisting shear (in2) 

 𝑠 = center to center spacing of reinforcement (in.)  

 𝑓𝑦𝑡  = specified yield strength of transverse reinforcement (psi) 

 𝜌𝑣  = ratio of tie reinforcement area to area of contact surface 

Commentary in Section 11.6.3 states that the equations are based on the shear-friction model and give a 

conservative prediction of the shear-transfer strength. The code allows other relationships that provide a 

closer estimate of shear-transfer to be used. 

 

2.1.4 AASHTO LRFD Bridge Design Specifications (4th Edition) 

 Design equation used in AASHTO LRFD Bridge Design Specification was examined in this 

research. The design equation follows a similar approach as that used in ACI Building Code. The design 

for horizontal shear is based upon: 

𝑉𝑟𝑖 ≥ 𝑉𝑢𝑖  

𝑉𝑟𝑖 = 𝜙𝑉𝑛𝑖  
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where: 

 𝑉𝑟𝑖  = factored interface shear resistance (k) 

 𝑉𝑢𝑖  = factored interface shear force due to total load based upon applicable strength and extreme 

          load combinations (k) 

 𝑉𝑛𝑖  = nominal interface shear resistance (k) 

 𝜙 = resistance factor for shear 

  = 0.90 for normal weight concrete 

  = 0.70 for lightweight concrete 

The nominal shear resistance of the interface plane shall be calculated as: 

𝑉𝑛𝑖 = 𝑐𝐴𝑐𝑣 + 𝜇 𝐴𝑣𝑓𝑓𝑦 + 𝑃𝑐 ≤ min  
𝐾1𝑓′𝑐𝐴𝑐𝑣

𝐾2𝐴𝑐𝑣

  (2.30) 

 

where: 

 𝐴𝑐𝑣 = area of concrete considered to be engaged in interface shear transfer (in.
2
) 

 𝑐 = cohesion factor (ksi) 

 𝜇 = friction factor 

 𝐴𝑣𝑓 = area of shear reinforcement crossing the shear plane within the area Acv 

 𝑓𝑦  = yield stress of reinforcement but not to exceed 60 (ksi) 

 𝑃𝑐  = permanent net compressive force normal to the shear plane 

 𝑓′𝑐 = specified 28-day compressive strength of the weaker concrete on either side of the interface 

          (ksi) 

 𝐾1  = fraction of concrete strength available to resist interface shear 

 𝐾2 = limiting interface shear resistance (ksi) 
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Values of c, μ, K1, and K2 depend on surface preparation and the use of lightweight or normal weight 

concrete. The 𝐾1 𝑓′𝑐𝐴𝑐𝑣 equation is to prevent shearing or crushing of aggregate along the shear plane 

while 𝐾2𝐴𝑐𝑣 was derived due to lack of data provided for values above limiting K2 values. The value of 

these variables for each circumstance of surface preparation and type of concrete are as follows: 

 For cast-in-place concrete slab on clean concrete girder surfaces, free of laitance with the surface 

 intentionally roughened to an amplitude of 0.25 in.: 

  c = 0.28 

  μ = 1.0 

  K1= 0.3 

  K2= 1.8 for normal weight concrete 

      = 1.3 for lightweight concrete 

For lightweight concrete placed monolithically or nonmonolithically, against a   clean concrete 

surface, free of laitance with the surface intentionally roughened to an amplitude of 0.25 in:  

  c = 0.24  

  μ = 1.0 

  K1= 0.25 

  K2= 1.0 

 For normal-weight concrete placed against a clean concrete surface, free of                       

 laitance, with surface intentionally roughened to an amplitude of 0.25 in. 

  c = 0.24 

  μ = 1.0 

  K1= 0.25 

  K2= 1.5 

 For concrete placed against clean, free of laitance surface that is not intentionally      

 roughened: 
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  c = 0.075  

  μ = 0.6 

  K1= 0.2 

  K2= 0.8 

 The second term in the nominal interface shear resistance equation, 𝜇(𝐴𝑣𝑓𝑓𝑦 + 𝑃𝑐 ), stems from a 

pure shear friction model. The net clamping force is considered to be the tension formed in the reinforcing 

steel, 𝐴𝑣𝑓𝑓𝑦, plus the normal force, 𝑃𝑐 , that applies compression to the interface. Multiplying the net 

clamping force by a friction coefficient term transforms the clamping force to a shear force at the 

interface. The first term of the equation, 𝑐𝐴𝑐𝑣 , modifies the pure shear friction model to include shear 

strength from cohesion and aggregate interlock at the interface. This modification was made due to 

evidence from experimental data that cohesion and aggregate interlock do have an effect on the interface 

shear strength. 

 The three interface shear strength equations are based on experimental data from normal weight 

concrete with strengths ranging from 2.5 ksi to 16.5 ksi and lightweight concrete with compressive 

strengths ranging from 2.0 ksi to 6.0 ksi. Limiting the value of 𝑓𝑦  of the shear reinforcing steel to 60 ksi 

comes from experimental data showing the use of higher 𝑓𝑦  values only overestimated the horizontal 

shear strength of the interface. 

 

2.1.4.1 Wallenfelsz 

 Wallenfelsz (2006) performed 29 push-off tests to analyze AASHTO’s interface nominal shear 

resistance equation for specimens made of precast deck panels with a grouted interface. Wallenfelsz 

concluded equation 2.30 should be broken into two separate equations using the maximum of the two 

components as the nominal shear resistance at the interface: 

𝑉𝑛 = 𝑚𝑎𝑥 
𝑐𝐴𝑐𝑣

𝜇(𝐴𝑣𝑓 + 𝑃𝑛)
  (2.31) 

 

 It was concluded resistance provided from friction did not occur until the crack at the interface 

was formed and the cohesion bond was broken. Using the maximum of these two equations provided 

accurate predictions of test data especially as the quantity of shear reinforcement in the specimens 

increased. 
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2.2 Summary of Literature Review 

 This chapter presented the evolution of current code equations for calculating interface horizontal 

shear strength. Many equations have been proposed and many revisions of previous equations have been 

made through the years. While precast concrete girders with cast-in-place concrete decks have been 

examined thoroughly in past research, not much research has been done on the use of high strength 

lightweight concrete for these composite systems. The following research was performed to examine the 

application of current code equations to the use of high strength lightweight concrete.  
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 CHAPTER 3: SPECIMEN DETAILS AND TEST SET-UP 
 

3.1 Specimen Description 

 To analyze the horizontal shear strength of lightweight concrete at the interface of a precast girder 

and cast-in-place concrete deck, 36 push-off tests were performed.  Push-off tests are commonly used to 

examine horizontal shear resistance. The test geometry allowed for a horizontal force to be applied 

directly to the interface of the deck and girder so that it was tested only in shear. The typical push off test 

specimen is illustrated in Figure 3.1. The area of shear interface, Acv, provided by this geometry was 

equal to 384 in
2
 (16in. x 24 in.). 

 

Side View 

 

Section A-A 

Figure 3.1 Typical Push-Off Test Specimen 
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3.2 Specimen Fabrication 

 Twelve different specimen configurations were tested. The configurations include three 

combinations of slab and girder concrete with four amounts of horizontal shear reinforcement. Each of the 

12 configurations was repeated three times to provide multiple test results and analyze the variability in 

horizontal shear strength of lightweight and normal weight concrete. The three combinations of slab and 

girder concrete were as follows: 

 Normal Weight Girder with a Normal Weight Deck 

 Normal Weight Girder with a Lightweight Deck 

 Lightweight Girder with a Lightweight Deck  

The four variations in the amount of horizontal shear reinforcement tested were as follows: 

 No reinforcement – ρ (Avf/Acv)  = 0.000 

 Minimum horizontal shear reinforcement – ρ (Avf/Acv)  = 0.001 

 Maximum horizontal shear reinforcement – ρ (Avf/Acv)  = 0.012 

 Intermediate horizontal shear reinforcement – ρ (Avf/Acv)  = 0.005 

A test matrix is provided in Table 3.1.  

Table 3.1 Test Matrix 

Girder Concrete Deck Concrete ρiv = Avf /Acv Number of Repetitions 

Normal Weight 8000 psi Normal Weight 4000 psi 

0 3 

0.001 3 

0.005 3 

0.012 3 

Normal Weight 8000 psi Lightweight 4000 psi 

0 3 

0.001 3 

0.005 3 

0.012 3 

Lightweight 8000 psi Lightweight 4000 psi 

0 3 

0.001 3 

0.005 3 

0.012 3 

Total Tests 36 
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The minimum and maximum ratios of interface shear reinforcement are from AASHTO LRFD. 

Specimens with the minimum amount of shear reinforcement had one No.4 stirrup placed at the center of 

the interface. For the maximum amount of shear reinforcement, five No.6 stirrups were used. The 

specimens with the intermediate amount of horizontal shear reinforcement contained three No.5 stirrups. 

Figure 3.2 - Figure 3.5 show the typical placement of the horizontal shear stirrups in the girder specimen. 

 

 

Figure 3.2 Horizontal Shear Stirrup Placement 

 

 

Figure 3.3 Typical Specimen with 1 No.4 Bar 
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Figure 3.4 Typical Specimen with 3 No.5 Bars 

 

 

Figure 3.5 Typical Specimen with 5 No.6 Bars 

 

 The bottom half of the specimen was cast first mimicking a pre-cast girder. To follow common 

practice in composite action design, the surface of the girder was raked to an amplitude of 0.25 in. to 

provide bond with the cast-in-place deck concrete. Once all of the 36 girder specimens were cast, the deck 
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specimens were then cast directly on the girders, simulating typical construction of a precast concrete 

girder with a cast-in-place deck. (See Figure 3.6) 

 

 

Figure 3.6 Formwork for cast-in-place deck on pre-cast girder 

 

3.3 Material Properties 

 Four concrete mix designs were used to complete the 36 specimens. The normal weight concrete 

deck mixes were designed to conform to the VDOT A4 general mix design. Normal weight girder 

concretes had a desired compressive strength of 8000 psi and the normal weight deck concretes had a 

desired compressive strength of 4000 psi. The lightweight mix deck designs used Stalite Lightweight 

Aggregate for the coarse aggregate. Desired compressive strengths for the lightweight concrete girder and 

deck mixes were also 8000 psi for the girder and 4000 psi for the deck. 

 With the amount of formwork available (12 of each form), six batches of concrete were used to 

produce the total number of specimens. Table 3.2 presents the delivered batch amounts used in each 

concrete mix. Two separate batches of normal weight 8000 psi nominal strength girder concrete were 

used. The batches had the same design values and very similar batch values so they are combined when 

presented in Table 3.2. The lightweight 4000 psi nominal strength deck concrete was also provided in two 

separate batches. Although the mix design was the same for both batches, they are presented separately in 

Table 3.2 due to a wider variety in the actual batch amounts.  
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Table 3.2 Batch Values Per Cubic Yard 

 

Girder Concrete Deck Concrete 

 

NW 8000 psi LW 8000 psi LW1 4000 psi LW2 4000 psi NW 4000 psi 

78 Stone - Stalite (lb) - 949 907 887 - 

57 Stone (lb) 1693 - - - 1760 

Nat Sand (lb) 1290 1411 1340 1367 1180 

Type I/II Cement (lb) 648 733 697 692 752 

Water (gal,  #33) 15.5 8.57 17.3 12.7 17.7 

AEA-15 (fl oz) 0.833 0.857 1.33 1.33 2.33 

Retarder (fl oz) 12.8 14.6 - - 14.0 

W/R (fl oz) 22.0 24.6 39.0 36.3 9.3 

W/C Ratio 0.316 0.304 0.371 0.390 0.314 

Slump (in.) 4.5 4.5 5.5 7 6.25 

 

To achieve the L-shape girder specimen, the formwork seen in Figure 3.7 Typical girder 

formwork was used. The bottom portion of the girder specimen had an open surface to provide the 

interface area between the precast girder and cast-in-place deck. It was important to control the 

workability of the girder concrete so that it would not overflow the bottom portion of the formwork while 

placing the concrete in the back portion of the formwork. A practice specimen was poured to determine 

the desirable slump of the girder concrete to be approximately 4 to 5 inches. This allowed enough 

workability to adequately fill the formwork and vibrate the concrete without having concrete overflow. 
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Figure 3.7 Typical girder formwork 

 

3.4 Test Set-Up 

3.4.1 Description 

Figure 3.8 shows a typical test set-up. The testing frame consisted of two steel bulkheads bolted 

to the strong floor. A 200 ton capacity actuator was bolted to the end of one of the bulkheads and used to 

apply a horizontal load to the specimen. The other bulkhead was placed at the other end of the push-off 

specimen and was used as an abutment. This kept the deck side from moving so that the only movement 

in the specimen was that of the girder along the deck. To insure that there was no resistance to movement 

beneath the test specimen, the specimen was supported by four steel rollers. The steel rollers provided a 

frictionless bottom surface for the girder side to slide along.  

 A normal force of 2.5 kips was placed on top of the specimen to represent the dead weight on this 

section of a girder. This dead weight was calculated assuming an 8.5 in. thick deck and 10 ft girder 

spacing. Even though girder spacing and deck thickness vary in bridge design, and there is a variance in 

weight between a normal weight and lightweight deck, the normal force remained constant throughout all 

of the tests. This 2.5 kips was provided by two concrete blocks held together by a steel frame that rested 

on top of the test specimen.  

 A load cell was horizontally aligned at the height of the girder and deck interface. The load cell 

was placed in front of the actuator and applied a horizontal force against an 8 in. by 8 in. steel plate which 

rested flat against the back of the girder side of the specimen. The center of the steel plate was also 
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aligned with the center of the load cell at the height of the interface. An 8 in. by 8 in. steel plate was 

welded to the abutment on the deck side and also aligned with the center of the girder and deck interface. 

 

 

 In order to keep the steel plate aligned between the girder side of the specimen and the load cell, 

the plate was welded to strips of steel. The strips of steel formed a “hanger” that rested over the back of 

the girder side of the specimen.  Figure 3.9 shows the plate in position on a test specimen before loading. 

This hanger kept the plate at the correct height until the horizontal load was applied to the specimen and 

also prevented the plate from falling once testing had ceased and the horizontal load was removed. 

 

Figure 3.8 Test Frame Set-Up 
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Figure 3.9 Steel Plate 

 

3.4.2 Specimen Instrumentation 

 During the course of testing, two different load cells were used to monitor the applied horizontal 

shear load. For all test specimens except the nine with the maximum amount of shear reinforcement, a 

load cell with a capacity of 350 kips was used. For the tests with the maximum amount of shear 

reinforcement, a 500 kip load cell was used due to higher failure load predictions. Each load cell was 

calibrated before testing began and had an accuracy of approximately 500 to 1000 lb (1%). 

 Two 2 in. linear variable differential transformers (LVDTs) were used on each test to measure the 

slip of the girder side relative to the deck side. These LVDTs provided a measurement range of +/- 1 in. 

with +/- 0.0005 in. sensitivity. Each LVDT was attached to a small steel angle that was attached to the 

concrete using concrete anchors. One LVDT was anchored to the deck side and measured across the 4 in. 

gap. The tip of the LVDT rested against an angle that was anchored into the girder side. The second 

LVDT was at the other end of the specimen and anchored into the girder side. The tip of this LVDT also 

measured across the 4 in. gap and rested against an angle anchored into the deck side. Two LVDTs were 

used so that the slip data could be compared and if one LVDT was lost during testing there was still 

adequate data gathered. Figure 3.10 to Figure 3.12 show the placement of the LVDTs on each test 

specimen. 
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Figure 3.10 LVDTs anchored to test specimen 

 

 

Figure 3.11 Top LVDT placement 
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Figure 3.12 Bottom LVDT placement 

 

 Strain gages were placed on the horizontal shear stirrups to measure the strain in the stirrups 

while the horizontal load was being applied. Yield strength, fy, of the shear stirrups is one of the variables 

used in the nominal horizontal shear equation (AASHTO LRFD 5.8.4.1-3). The strain gages were placed 

to measure the amount of strain in the stirrups and determine the validity of using fy in this equation. 

Before the deck side of the specimens was cast, a small section the stirrup was grinded down. The 

smoothed surface was then cleaned so that the strain gage could be placed on the stirrup. Each strain gage 

was placed as close to the interface of the deck and girder as possible. Due to the area of the stirrup that 

needed to be smooth for the strain gage placement and to provide adequate protection, not all the strain 

gages could be placed at the interface. Pictures were taken of each strain gage and measurements were 

also taken of the distance from the center of the strain gage to the surface of the girder so the data 

recorded could be analyzed properly. Figure 3.13 shows an example of the strain gages placed on the 

shear stirrups. 
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Figure 3.13 Strain gages with protection 

 

 One strain gage was placed on each leg of the shear stirrup and on the side of the stirrup that 

would exhibit tension during the test. For specimens with one No.4 bar, only two strain gages were used. 

Specimens with three No.5 and five No.6 bars had four strain gages. Two were placed on the first shear 

stirrup and two on the last stirrup. Figure 3.14 and Figure 3.15 show the orientation and labeling used for 

the strain gages. 

 

 

Figure 3.14 Strain gage placement on specimens with one No.4 bar 
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Figure 3.15 Strain gage placement on specimens with three No.5 bars and five No.6 bars 

 

3.4.3 Testing Procedure 

 Each specimen was centered in the test frame and placed on the four steel rollers. The center of 

the specimen was lined up with the center of the actuator and abutment. The load cell was then centered 

between the actuator and the girder end of the specimen. To hold the load cell between the actuator and 

steel plate, a cradle was created from scraps of wood and steel as seen in Figure 3.16. This allowed for the 

load cell to sit at the correct height and prevented the load cell from slipping when the horizontal load 

peaked and decreased. 
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Figure 3.16 Load cell cradle 

 

The normal force blocks were placed on top of the specimen and centered above the area of the 

interface. The testing instruments were then zeroed and the horizontal load was applied. The 

instrumentation was connected to a System 5000 scanner and the data was collected using the Micro 

Measurements Group data acquisition software Strain Smart. The relative displacement of the specimens 

relative to each other and strain measured in the strain gages were recorded at 0.2 second intervals 

providing five data points per second. Figure 3.17 shows the typical test set-up right before loading 

began. 
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Figure 3.17 Testing procedure 

 

 The horizontal force was slowly applied at 20 k intervals. At each interval the specimen was 

briefly investigated to note any cracks that may have occurred.  The test set-up was also briefly 

investigated to verify the load cell and actuator remained horizontal so as not to allow the specimen to 

significantly rise and cause loading to be at an angle. Once the specimen was loaded with 100 k, close 

investigation of the specimen ceased. This was to keep researchers from danger if major cracking in the 

concrete occurred. Loading continued until peak load occurred and the specimen cracked along the 

interface signifying the bond breaking between the specimens. The horizontal force continued to be 

applied until about an inch of slip occurred between the deck and girder. Data acquisition would then 

cease and the horizontal load was removed from the specimen and the normal force block was taken off 

the top of the specimen.  
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 CHAPTER 4: PRESENTATION OF RESULTS AND 

ANALYSIS 

 

4.1 Typical Test Behavior 

 36 push-off tests were performed to investigate the horizontal shear strength and behavior of 

lightweight concrete. All push-off specimens behaved similarly at the beginning of testing. The load 

increased steadily with little slip between the two specimens until the bond failure load was reached. The 

bond failure load was defined as the load at which the cohesion bond at the interface was broken. The 

load being held by the specimen then decreased and leveled off at different loads depending on the 

amount of shear reinforcement provided at the interface. These loads were defined as the maintained 

loads and the average of the maintained load was referred to as the post crack interface strength. 

Specimens without shear reinforcement also maintained a small amount of resistance once the bond at the 

interface was broken. From the data collected during testing, Load versus Slip graphs were produced. The 

typical shape of these graphs varied slightly as the amount of shear reinforcement increased and will be 

discussed in the following sections. Below is an example of the labeling used for each test and a key to 

decipher what each part of the label represents.  
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Table 4.1 provides a summary of all of the push-off test results where: 

 𝐴𝑐𝑣 = area of concrete at the interface 

 𝐴𝑣𝑓 = total area of reinforcement crossing the interface 

 𝑓𝑦 = reported yield stress of reinforcement  

 𝑃𝑛 = permanent net compressive force normal to the shear plane 

 𝜀𝑦 % = percent of yield strain in the reinforcement measured at bond failure 

The percent yield strain in the reinforcement was taken as the reported strain in the reinforcement divided 

by a yield strain of 0.00207 for reinforcing steel with a reported yield stress of 60 ksi and elastic modulus 

of 29000 ksi. The reported strain in the reinforcement was not pure axial strain but also incorporated 

bending. Specimens with one reinforcing bar had two strain gages, and the percent yield strain reported in 

the table is an average of the two gages. Specimens with three reinforcement bars had a total of four strain 

gages. The front strain gages (SG-1 and SG-2) were averaged and reported as the first value in the table. 

The back strain gages (SG-3 and SG-4) were averaged and reported as the second value. Individual strain 

gage values are listed in Appendix A. If a strain gage had been damaged during fabrication of the 

specimen or during testing before bond failure occurred, a dash is in place of the value for percent yield of 

the strain gage in Table 4.1. 
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Table 4.1Push - Off Test Results 

 

Acv (in
2
) 

Avf 

(in
2
) 

fy 

(ksi) 

Pn 

(k) 

f'c 

deck 

(ksi) 

f'c 

girder 

(ksi) 

 εy %          

Vnh 

Bond 

failure 

(k) 

Vnh Post crack 

Interface 

Strength (k) 

LL-0-A 384 0 60 2.54 6.25 11.1   132 6.68 

LL-0-B 384 0 60 2.54 6.25 11.1   140 6.27 

LL-0-C 384 0 60 2.54 6.25 11.1   178 8.39 

NN-0-A 384 0 60 2.54 6.15 7.78   153 6.15 

NN-0-B 384 0 60 2.54 6.15 7.78   160 5.70 

NN-0-C 384 0 60 2.54 6.15 7.78   156 4.01 

NL-0-A 384 0 60 2.54 6.25 7.78   186 9.30 

NL-0-B 384 0 60 2.54 6.25 7.78   131 6.34 

NL-0-C 384 0 60 2.54 6.25 7.78   197 6.86 

LL-1-A 384 0.4 60 2.54 6.25 11.1 71% 242 49.8 

LL-1-B 384 0.4 60 2.54 6.25 11.1 134% 147 46.6 

LL-1-C 384 0.4 60 2.54 6.25 11.1 121% 188 45.7 

NN-1-A 384 0.4 60 2.54 6.15 7.78 7% 123 57.0 

NN-1-B 384 0.4 60 2.54 6.15 7.78 5% 141 57.8 

NN-1-C 384 0.4 60 2.54 6.15 7.78 5% 173 89.4 

NL-1-A 384 0.4 60 2.54 6.25 7.78 205% 169 59.3 

NL-1-B 384 0.4 60 2.54 6.25 7.78 - 175 54.8 

NL-1-C 384 0.4 60 2.54 6.25 7.78 10% 183 53.0 

LL-3-A 384 1.84 60 2.54 5.73 11.1 
66% 

201 128 
32% 

LL-3-B 384 1.84 60 2.54 5.73 11.1 
95% 

223 150 
32% 

LL-3-C 384 1.84 60 2.54 5.73 11.1 
73% 

230 152 
35% 

NN-3-A 384 1.84 60 2.54 6.15 7.78 
- 

195 167 
12% 

NN-3-B 384 1.84 60 2.54 6.15 7.78 
41% 

218 166 
23% 

NN-3-C 384 1.84 60 2.54 6.15 7.78 
- 

229 185 
- 

NL-3-A 384 1.84 60 2.54 5.73 7.78 
68% 

242 - 
25% 

NL-3-B 384 1.84 60 2.54 5.73 7.78 
12% 

238 166 
13% 

NL-3-C 384 1.84 60 2.54 5.73 7.78 
88% 

183 136 
82% 
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4.1.1 Tests without Shear Reinforcement 

 Tests were conducted on nine specimens that did not have shear reinforcement crossing the 

interface. All of these specimens exhibited similar failure modes in which the load continuously 

increased, with little or no slip until the bond between the concrete at the interface failed. A summary of 

the results from specimens that did not contain any shear reinforcement can be seen in Table 4.2. Once 

the interface bond failed, the load initially decreased to almost zero then increased and leveled off at a 

maintained load. A typical Load versus Slip graph of specimens without shear reinforcement can be seen 

in Figure 4.1. 

 

 

Figure 4.1 Typical Load versus Slip Graph for Specimens without Shear Reinforcement 
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Table 4.2 Summary of Test Results without Shear Reinforcement 

 
Bond Failure 

Load (k) 

Average Bond 

Failure Load 

(k) 

Slip at Bond Failure (in.) Post Crack 

Interface Strength 

(k) 

Average 

(k) 

 

Top LVDT Bottom LVDT 

LL-0-A 132 

150 

0.03 0.05 6.7 

7.1 LL-0-B 140 0.04 0.05 6.3 

LL-0-C 178 0.07 0.04 8.4 

NN-0-A 153 

156 

0.03 0.04 6.2 

5.3 NN-0-B 160 0.02 0.05 5.7 

NN-0-C 156 0.03 0.08 4.0 

NL-0-A 186 

172 

0.04 0.03 9.3 

7.5 NL-0-B 131 0.03 0.05 6.3 

NL-0-C 197 0.05 0.02 6.9 

 

 

4.1.1.1 Lightweight Girder with Lightweight Deck 

 The three specimens made of a lightweight concrete girder and lightweight concrete deck 

exhibited very smooth breaks between the two specimens when the bond failure load was reached. The 

failure plane was not right along the raked interface but went through the lightweight aggregate and into 

the deck specimen and equally into the girder specimen. Figure 4.2 and Figure 4.3 show an example of 

the failure plane and interface surface after failure. 
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Figure 4.2 LL-0-A Failure Plane 

 

 

Figure 4.3 LL-0-A Interface Surface 
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4.1.1.2 Normal Weight Girder with Normal Weight Deck 

 Specimens made of a normal weight concrete girder and normal weight concrete deck had a 

failure plane at the interface of the girder and deck. The bond failure load was approximately the same as 

that seen in the lightweight/lightweight specimens, but the post crack interface strength was not as high as 

the lightweight/lightweight or normal weight/lightweight specimens. It can be seen in Figure 4.4 and 

Figure 4.5 below that the failure surface was along the raked surface of the precast girder. The raking 

amplitude can be seen at the interface rather than a smooth surface that was seen with 

lightweight/lightweight specimens. 

 

 

Figure 4.4 NN-0-C Failure Plane 
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Figure 4.5 NN-0-A Interface Surface 

  

4.1.1.3 Normal Weight Girder with Lightweight Deck 

 The failure plane of the specimens made of a normal weight concrete girder and lightweight 

concrete deck followed along the interface, although a few breaks deviated from the raked surface and led 

into the deck specimen. The normal weight/lightweight specimens exhibited a slightly higher bond failure 

load than that of the lightweight/lightweight and normal weight/normal weight specimens. The failure 

planes can be seen in Figure 4.6 and Figure 4.7. 
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Figure 4.6 NL-0-A Failure Plane leading into the deck 

 

 

Figure 4.7 NL-0-B Failure Plane along the interface 
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 Although the crack between the two specimens tended to follow along the raked interface, it 

could be seen once the specimens were separated that the failure surface did have a percentage of the 

surface go into the lightweight deck specimen. Figure 4.8 illustrates the typical failure surface of these 

specimens. 

 

 

Figure 4.8 NL-0-B Failure Surface 

  

 It was noted that when the failure surface did not extend into the deck, the raking amplitude on 

the normal weight girder could be seen. The failure surface tended to extend through the lightweight 

aggregate and around the normal weight aggregate. The amount of lightweight aggregate exposed at the 

failure surface was measured versus the amount of normal weight aggregate exposed to determine the 

percentage of each failure surface that was in the lightweight deck. Figure 4.9 shows an example of the 

different concrete aggregates exposed at the failure surface. The darker aggregates are the lightweight 

concrete aggregate and the lighter aggregates are normal weight concrete aggregate. The NL-0-A had 

approximately 22% failure into the deck, NL-0-B had a much lower value, with only 6% failure in the 

deck, and NL-0-C had approximately 18% failure in the deck. 
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Figure 4.9 NL-0-A Failure Surface  

 

4.1.2 Tests with 1 No.4 Bar 

 The nine push-off specimens contained minimum shear reinforcement with one No.4 bar crossing 

the shear interface. The Load versus Slip graphs produced from these test results were slightly different 

than those of the specimens with zero shear reinforcement. The typical LL-1 specimen and NL-1 

specimen produced Load versus Slip graphs similar to the graph seen in Figure 4.10 (a). Figure 4.10 (b) 

shows an example of the typical Load versus Slip graph produced by a NN-1 specimen. These differences 

are discussed in the following sections. Strain values in the shear reinforcement were measured during 

testing and used to produce Load versus Strain graphs. A discussion of the strain behavior is given in 

section 4.2. A summary of the results for specimens with one No.4 bar can be found in Table 4.3. The 

first-peak load was only exhibited in lightweight/lightweight and normal weight/lightweight specimens 

and the behavior of the specimens at this first peak load is discussed in the following sections. 
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(a) 

 

(b) 

Figure 4.10 Typical Load versus Slip Graphs for Specimens with 1 No.4 Bar 
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Table 4.3 Summary of Test Results with 1 No.4 Bar 

 First 

Peak 

Load (k) 

Bond 

Failure 

Load (k) 

Average 

Bond 

Failure 

Load (k) 

Slip at Bond 

Failure (in.) Post Crack 

Interface 

Strength (k) 

Average Post 

Crack 

Interface 

Strength (k)  

Top 

LVDT 

Bottom 

LVDT 

LL-1-A 192 242 

192 

0.07 0.05 49.8 

47.4 LL-1-B 136 147 0.05 0.06 46.6 

LL-1-C 141 188 0.08 0.05 45.7 

NN-1-A - 123 

146 

0.03 0.07 57.0 

68.1 NN-1-B - 141 0.03 0.06 57.8 

NN-1-C - 173 0.05 0.07 89.4 

NL-1-A 164 169 

176 

0.05 0.05 59.3 

55.7 NL-1-B 163 175 0.06 0.07 54.8 

NL-1-C - 183 0.05 0.06 53.0 

 

 

4.1.2.1 Lightweight Girder with Lightweight Deck 

 The typical Load versus Slip behavior of specimens with a lightweight concrete girder and 

lightweight concrete deck followed Figure 4.10 (a). For each specimen, an initial “peak” load was reached 

before the bond failure load. At the first peak, a small crack formed along the interface. At this point, the 

strain in the shear reinforcement greatly increased but did not yield. When bond failure occurred, the 

crack along the interface became much wider, and strain in the shear reinforcement suggested the 

reinforcement yielded either right before or right after bond failure. The load then decreased and leveled 

off at a maintained load as slip continuously increased. An example of a failed lightweight/lightweight 

specimen can be seen in Figure 4.11. The failure occurred along the interface with few other cracks 

occurring the in the deck specimen. 

 The lightweight/lightweight specimens had a higher average bond failure load than the normal 

weight/normal weight and normal weight/lightweight specimens. However, the post crack interface 

strength was smallest for lightweight/lightweight.   
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Figure 4.11 Typical Failed LL-1 Specimen 

 

4.1.2.2 Normal Weight Girder with Normal Weight Deck 

 A typical Load versus Slip graph of specimens made up of a normal weight concrete girder and 

normal weight concrete deck can be seen in Figure 4.10 (b). These specimens did not exhibit an initial 

peak load before reaching the bond failure load as seen in the lightweight/lightweight and normal 

weight/lightweight specimens. A crack did not form at the interface of the specimens until failure load 

was reached and the bond at the interface was broken. When the specimen began to maintain load after 

bond failure, the load did not level off but slowly increased. When approaching the bond failure load, it 

was noted that the strain in the steel reinforcement was much less than the yield strain. After the bond 

failure load was reached, the strain gages were lost suggesting the shear reinforcement had yielded. 

 The crack forming at failure followed along the interface. A failed specimen can be seen in 

Figure 4.12.  Although the normal weight/normal weight specimens had the lowest average bond failure 

load, the post crack interface strength was higher than both of the other concrete combinations. 
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Figure 4.12 Typical Failed NN-1 Specimen 

 

4.1.2.3 Normal Weight Girder with Lightweight Deck 

 Each specimen made up of a normal weight concrete girder and lightweight concrete deck 

exhibited similar failure behavior as the lightweight/lightweight specimens. A typical Load versus Slip 

graph for these specimens can be seen in Figure 4.10 (a). An initial peak load was seen in two of the three 

specimens where a small crack formed along the interface at this peak. The bond failure load was then 

reached and the crack along the interface became much larger. The specimen then maintained a load that 

tended to level off versus increasing as seen with the normal weight/normal weight specimens. 

 At failure, a crack formed along the interface that went slightly more into the deck specimen but 

never into the girder specimen. An example of a failed specimen can be seen in Figure 4.13.  
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Figure 4.13 Typical Failed NL-1 Specimen 

 

4.1.3 Tests with 3 No.5 Bars 

 To simulate a girder/deck combination with an intermediate amount of shear reinforcement, nine 

push-off tests were conducted on specimens containing three No.5 stirrups crossing the shear interface. 

Load versus Slip graphs produced from these tests varied from the previous tests performed. The typical 

behavior of each specimen up to failure followed similar behaviors of forming a crack along the interface 

of the specimen, and when the bond failure load was reached, the crack widened breaking the bond at the 

interface. Once this bond was broken the test specimens varied in failure. A summary of the nine test 

results can be found in Table 4.4. 

 Specimen NL-3-A exhibited a different failure mode than the others. This test formed a 

horizontal crack in the deck specimen parallel to the interface and cracks in the back of the deck specimen 

when the bond failure load was reached. Also, the failure at the interface was only a small crack along the 

interface and not as defined at the other specimens. The cracks formed in this specimen at failure can be 

seen in Figure 4.14 Failure in NL-3-A. Due to failure occurring in the deck specimen at the same time 

bond failure occurred at the interface, the Load versus Slip graph did not level off to a post peak 

maintained load. After bond failure load, the continued applied load broke the deck specimen rather than 
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carrying the load at the interface. Because a load was not carried at the interface, only a bond failure load 

was recorded for this specimen. 

 

 

Figure 4.14 Failure in NL-3-A 

 

 The types of failure seen in the other tests after reaching interface failure were similar. The 

specimen would maintain a certain load while increasing slip between the deck and girder. The 

maintained load slightly increased at this plateau for some specimens, while others leveled off. This load 

was only maintained for a small amount of slip before cracking formed in the deck side. At this point, the 

load being maintained by the specimen dropped. Figure 4.15 shows the typical Load versus Slip behavior 

for specimens with 3 No.5 Bars. The Load versus Slip graph was no longer applicable for analysis after 

the horizontal cracks formed because failure was then in the deck specimen rather than at the interface. 
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Figure 4.15 Typical Load versus Slip Graph for Specimens with 3 No.5 Bars 

 

Table 4.4 Summary of Test Results with 3 No.5 Bars 

 Bond 

Failure 

Load (k) 

Average 

Bond 

Failure 

Load (k) 

Slip at Bond Failure 

(in.) 
Post Crack 

Interface 

Strength 

(k) 

Average Post 

Crack Interface 

Strength (k) 
 

Top 

LVDT 

Bottom 

LVDT 

LL-3-A 201 

218 

0.07 - 128 

143 LL-3-B 223 0.1 0.08 150 

LL-3-C 230 0.09 0.11 152 

NN-3-A 195 

214 

0.05 0.16 167 

173 NN-3-B 218 0.07 0.12 166 

NN-3-C 229 0.08 0.09 185 

NL-3-A 242 

221 

0.08 0.11 - 

151 NL-3-B 238 0.05 0.05 166 

NL-3-C 183 0.06 0.17 136 

 

 

 The average failure showed little variance between the different concrete combinations. However, 

the normal weight/normal weight specimens had an average post crack interface strength greater than that 

of the lightweight/lightweight and normal weight/lightweight specimens. Each combination of 

girder/deck concrete exhibited failure in the deck specimen after bond failure occurred at the interface. 
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The cracks formed in the deck were typically horizontal cracks parallel to the interface in 

lightweight/lightweight decks. Normal weight/normal weight specimens typically formed a diagonal 

crack leading from the interface and leveling off to the horizontal crack seen in the 

lightweight/lightweight. The normal weight/lightweight specimens formed combinations of these types of 

cracks. Cracks forming in the back of the deck specimen were bigger in decks made of lightweight 

concrete. The decks made of normal weight concrete tended to only form the horizontal crack in the deck 

parallel to the interface. Examples of failed specimens containing three No.5 bars are shown in Figure 

4.16 to Figure 4.18. 

 

 

Figure 4.16 Failed LL-3-A Specimen 

 



60 

 

 

Figure 4.17 Failed NN-3-A Specimen 

 

 

Figure 4.18 Failed NL-3-C Specimen 
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4.1.4 Tests with 5 No.6 Bars 

 Push-off tests performed on specimens containing the maximum amount of shear reinforcement 

with five No.6 bars were incomplete. The tests resulted in the deck specimen failing before failure at the 

interface was achieved. Table 4.5 presents a summary of the failure load in which the deck specimen 

failed. These results provide a lower bound on the interface strengths as these loads were achieved 

without failure occurring at the interface. A typical failed specimen can be seen in Figure 4.19. Specimen 

NN-5-C was prepared with a smooth surface and failure occurred at the interface of this specimen, but 

because the interface properties were not the same as the specimens used in this research, the results are 

listed in Table 4.5, but not considered in the discussion. 

 

Table 4.5 Summary of Test Results with 5 No.6 Bars 

  Failure Load (k) 

LL-5-A 218 

LL-5-B 242 

LL-5-C 164 

NN-5-A 242 

NN-5-B 224 

NN-5-C 230 

NL-5-A 244 

NL-5-B 130 

NL-5-C 224 
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Figure 4.19 Failed LL-5-A Specimen 

 

4.2 Strains in Shear Reinforcement 

 In shear friction models, a clamping force is considered to be applied at the shear interface. This 

clamping force is produced by the steel reinforcement crossing the interface and a normal force acting on 

that section. As a crack forms at the interface and as it tries to open, the steel at the interface develops 

tension in turn applying compression across the interface and restrains the crack from opening. This 

clamping force is assumed to be the sum of the normal force and the area of steel crossing the interface 

multiplied by its yield stress. Using the yield stress of the reinforcing steel in this relationship assumes the 

steel has yielded before or at the instant bond failure load is obtained. Figure 4.20 shows a section of a 

composite girder and deck containing one reinforcing bar and the bar yielding in order for the crack to 

widen enough to allow the deck to rise and slide over the raked surface. 
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Figure 4.20 Illustration of the Net Clamping Force 

 

  To examine this assumption that the reinforcing steel has yielded, strain gages were placed on the 

shear reinforcement at the interface of the specimen to measure the behavior of the reinforcement during 

testing. Since bending was exhibited in the reinforcement as the deck specimen slips relative to the girder, 

the recorded strain values were not pure axial strain, rather axial strain and strain caused by bending of 

the reinforcement. The strain gages were an indication of the approximate stress state in the 

reinforcement.  

 The strain gages were centered on either leg of the shear stirrups on the side of the stirrup that 

would be exhibiting the most tension during testing. The strain gage placement was clarified in Section 

3.4.2 with Figure 3.14.  Load versus Strain graphs were produced for each specimen containing horizontal 

shear reinforcement. A typical Load versus Strain graph can be seen in Figure 4.21. Figure 4.22 shows the 

Load versus Strain graph superimposed on the Load versus Slip graph. Figure 4.23 and Figure 4.24 show 

the average percent of yield strain in the shear stirrups at bond failure load. For specimens with one No.4 

bar, values for SG-1 and SG-2 are reported. For specimens with three No.5 bars, the average of SG-1 and 

SG-2 and the average of SG-3 and SG-4 are reported. 
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Figure 4.21 Typical Load versus Strain Graph 

 

 

Figure 4.22 Load vs Strain Compared to Load vs Slip 
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Figure 4.23 Percent of Yield Strain in Shear Reinforcement for 1 No.4 Bar 

 

 

Figure 4.24 Percent Yield Strain in Shear Reinforcement for 3 No.5 Bars 
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 In specimens with lower amounts of shear reinforcement, the average strain in the shear 

reinforcement was near or greater than yield strain for the lightweight/lightweight and normal 

weight/lightweight specimens. The normal weight/normal weight specimens’ shear reinforcement strain 

values were much lower than the yield strain. This behavior was related to the Load versus Slip graphs, 

and unlike the other specimens, the normal weight/normal weight specimens with one No.4 bar did not 

see an initial peak load before reaching its failure load. The values of strain reported in the other 

specimens when this initial peak load was seen were approximately the same as the values seen in the 

normal weight/ normal weight specimens at failure. 

 A decrease was seen in the percent yield strain of the shear reinforcement as the area of shear 

reinforcement at the interface increased, except for the normal weight/normal weight specimens. For 

specimens with three No.5 bars, yield strain was not reached before failure occurred, but the reinforcing 

bars usually exhibited yield strain as failure occurred or directly after.  

 

4.3 Strut and Tie Model 

 Strut and tie models are an alternative method to predict the horizontal shear transfer strength at 

the interface of a bridge deck and bridge girder. The idea of a strut and tie model is to model the flow of 

forces in a three dimensional object using a two dimensional truss. The truss is made up of compression 

and tension elements where the compression elements are represented by a dashed line and referred to as 

compression struts. Tension elements are represented by a solid line and are referred to as tension ties. 

The idea of a using a strut and tie model to predict horizontal shear transfer strength assumes the post 

crack interface strength of a composite system might be determined by the failure of the compressive 

struts or tension ties crossing the interface. The tension tie crossing the interface is representative of the 

horizontal shear reinforcement. A possible strut and tie configuration for a push-off specimen can be seen 

in Figure 4.25. 
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Figure 4.25 Strut and Tie Model 

 

 The angle of internal friction represented by θ in Figure 4.25 was the important parameter of the 

strut and tie model. This was the angle between the tension tie and compression strut crossing the shear 

interface. If the maximum tension tie force, T, was given by the equation, 𝑇 = 𝐴𝑠𝑓𝑦 , then the 

corresponding maximum shear force, P,  is given by: 

𝑃 = 𝐴𝑠𝑓𝑦𝑡𝑎𝑛𝜃 

where: 

 𝐴𝑠 = Total area of steel crossing the interface (in
2
) 

 𝑓𝑦  = Yield stress of the reinforcing steel (ksi) 

 𝜃 = Angle of internal friction (angle between tension tie and compression strut) 

The model predicts a shear force greater than the maximum shear force, P, to cause failure in the tension 

tie. The angle of internal friction varied depending on the configuration used in the strut and tie model. In 

this particular model, θ = 55°. This angle allowed adequate development of the compression struts and 

met the requirements for nodal forces in the strut and tie analysis. Table 4.6 shows the predicted 

horizontal shear strength compared to the average post crack interface strength of lightweight/lightweight, 

normal weight/normal weight, and normal weight/lightweight specimens. The predicted shear strength for 

this strut-and-tie model was found to be more conservative for specimens with one No.4 bar than 

specimens with three No.5 bars. 
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Table 4.6 Predicted Horizontal Shear Values with Strut and Tie Model 

   As (in
2
) 

fy 

(ksi) 
θ° tanθ 

Pestimate 

(k) 

 Post Peak Paverage (k) Pestimate/Pactual 

   
LL NN NL LL NN NL 

1 No.4 Bar 0.44 
60 55 1.43 

37.7 47.4 68.1 55.7 0.80 0.55 0.68 

3 No.5 Bars 1.842 158 143 173 151 1.10 0.91 1.05 

 

 The strut and tie model presented in this thesis show this type of modeling could be used to 

predict the horizontal shear strength of the interface after the bond between the two concrete surfaces has 

been broken. However, the predicted values were sensitive to the geometry used for the struts and ties. 

For both models, as the angle of internal friction increased, the predicted horizontal shear strength also 

increased. Further research needs to be conducted on this topic to determine the correct geometry of struts 

and ties to accurately predict the post crack interface strength. 

 

4.4 Results Compared to AASHTO LRFD 

  The current AASHTO LRFD equation for nominal shear resistance at the interface of a precast 

concrete girder with a cast-in-place concrete deck is given by: 

𝑉𝑛𝑖 = 𝑐𝐴𝑐𝑣 + 𝜇 𝐴𝑣𝑓𝑓𝑦 + 𝑃𝑛                 (AASHTO Eq. 5.8.4.1-3) 

 

Values for the cohesion factor (𝑐) and friction factor (𝜇) are dependent upon surface preparation and how 

the composite system is constructed. AASHTO Section 5.8.4.3 specifies that for a cast-in-place concrete 

slab on a clean concrete surface raked to an amplitude of 0.25 in., c = 0.28 ksi and μ = 1.0. If the concrete 

is placed nonmonolithically against a clean surface that is raked to an amplitude of 0.25 in., c = 0.24 ksi 

and μ = 1.0 for both lightweight and normal weight concrete. For this research, a cohesion factor of 0.28 

ksi was used in calculated values to replicate design calculations for a precast girder with a cast-in-place 

slab. 

 A summary of the calculated horizontal shear strengths and the experimental horizontal shear 

strengths found from this research is given in Table 4.7. The statistical parameter of the experimental 

value divided by the calculated nominal value is called the bias. A bias of 1 indicates the calculated value 

to be the same as the experimental value. As the value of the bias increases above one, the level of 
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conservativeness of the equation also increases. The coefficient of variation of the test data was also used 

to measure the dispersion of data. A lower coefficient of variation indicates a lower ratio of the standard 

deviation within the data to the average of the data. This implied the predicted value was a good fit of the 

experimental data points.  

 Figure 4.26 is a plot of the ratio of the experimental horizontal shear strength to the calculated 

nominal horizontal shear strength of the lightweight/lightweight and normal weight/lightweight 

specimens on the vertical axis and the corresponding normal weight/normal weight specimens on the 

horizontal axis. The case where the ratio of the calculated resistance to experimental resistance for 

specimens containing lightweight concrete was the same as the ratio for normal weight/normal weight 

specimens is represented by the continuous line on the graph. Figure 4.27 is the same graph but with the 

ratio of experimental horizontal shear strength to the design horizontal shear strength. The graphs show 

the calculated values were more conservative for the specimens containing lightweight concrete than the 

specimens only containing normal weight concrete. This was true for both the nominal calculated value 

and the design calculated value. 

 The amount of interface shear reinforcement was a variable in test specimens to determine if the 

horizontal shear strength of lightweight concrete and normal weight concrete were affected similarly. 

Plotted in Figure 4.28 are the ratios of the experimental horizontal shear strength to the calculated 

strength on the vertical axis and the ratios of reinforcement area to the concrete interface area on the 

horizontal axis.  As the amount of shear reinforcement increased, the level of conservativeness of the 

calculated value decreased for each of the three girder/deck concrete combinations. It was observed that 

the conservativeness decreased at a greater rate for the lightweight/lightweight and normal 

weight/lightweight specimens than for the normal weight/normal weight specimens. This supported the 

idea presented by Nowak (2010) that lightweight concrete may not be as responsive to an increase in 

shear reinforcement as normal weight concrete.  
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Table 4.7 Summary of Experimental and LRFD Calculated Horizontal Shear Strength 

 

LRFD 

Calculated 

Vni (k) 

Bond 

Failure 

(k) 

Mean 

Bond 

Failure 

(k) 

Bias 

Vtest/Vni 

Mean 

Bias 

Overall 

Bias 
CoV 

Overall 

CoV 

LL-0-A 

110 

132 

150 

1.20 

1.36 

1.26 

0.163 

0.235 

LL-0-B 140 1.28 

LL-0-C 178 1.61 

LL-1-A 

134 

242 

192 

1.81 

1.43 0.249 LL-1-B 147 1.10 

LL-1-C 188 1.40 

LL-3-A 

221 

201 

218 

0.91 

0.99 0.070 LL-3-B 223 1.01 

LL-3-C 230 1.04 

NN-0-A 

110 

153 

156 

1.39 

1.42 

1.16 

0.023 

0.195 

NN-0-B 160 1.46 

NN-0-C 156 1.41 

NN-1-A 

134 

123 

146 

0.92 

1.09 0.172 NN-1-B 141 1.06 

NN-1-C 173 1.29 

NN-3-A 

221 

195 

214 

0.885 

0.97 0.080 NN-3-B 218 0.99 

NN-3-C 229 1.04 

NL-0-A 

110 

186 

172 

1.69 

1.56 

1.29 

0.206 

0.233 

NL-0-B 131 1.19 

NL-0-C 197 1.79 

NL-1-A 

134 

169 

176 

1.26 

1.31 0.040 NL-1-B 175 1.30 

NL-1-C 183 1.37 

NL-3-A 

221 

242 

221 

1.10 

1.00 0.148 NL-3-B 238 1.08 

NL-3-C 183 0.83 
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Figure 4.26 Ratio of Experimental to Calculated Nominal Shear Strength of Lightweight Concrete versus 

Normal Weight Concrete 

 

 

Figure 4.27 Ratio of Experimental to Calculated Design Shear Strength of Lightweight Concrete versus 

Normal Weight Concrete 
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Figure 4.28 Ratio of Experimental to Calculated Nominal Shear Strength versus Ratio of Shear 

Reinforcement 

  

 A graph of the standard normal variable on the vertical axis versus the ratio of experimental shear 

strength to the calculated nominal shear strength on the horizontal axis is presented in Figure 4.29. Figure 

4.30 is the same graph using the calculated design shear strength. The standard normal variable describes 

the distance between an individual value and the mean value of that test combination in terms of standard 

deviations. The test results formed a straight line, which showed a normal distribution in the test data. The 

graphs present a comparison of the values presented in   
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Table 4.7. The average of the bias for the normal weight/normal weight specimens was significantly 

lower than the bias for the lightweight/lightweight and normal weight/lightweight specimens, which lie 

close together even before the resistance factors were applied to the calculated values. These graphs also 

showed the spread of the data from the average and supported that the specimens with lightweight 

concrete have more variance in test data than the normal weight specimens. 

 

 

Figure 4.29 The Standard Normal Variables of the Ratio of Experimental to Calculated Nominal Shear 

Strength 
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Figure 4.30 The Standard Normal Variables of the Ratio of Experimental to Calculated Design Shear 

Strength 

 

4.4.1 Friction Coefficient and Cohesion 

 Resistance to horizontal shear forces at the interface of a bridge deck and bridge girder is 

considered to be the sum of the contribution from cohesion/aggregate interlock between the two concrete 

surfaces and a friction factor multiplied by the clamping force. The results from each push-off test were 

broken down into these two components to further analyze the cohesion factor of the concrete surfaces 

and the friction factor used for the clamping force. 

 A graph of the calculated clamping stress on the horizontal axis versus the post crack interface 

stress from each push-off test was created for each combination of girder/deck concrete. The slope of a 

best fit line through these points and passing through y = 0 predicted the friction factor. AASHTO LRFD 

uses a friction factor of 1.0 for both lightweight and normal weight concrete. From the graphs in Figure 

4.31- Figure 4.33 , the friction factor was found to be µ=1.29 for lightweight concrete cast on lightweight 

concrete, µ=1.58 for normal weight concrete cast on normal weight concrete, and µ=1.39 for lightweight 

concrete cast on normal weight concrete. The lightweight/ lightweight had the lowest friction factor, 

while normal weight/normal weight had the highest friction factor. 
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 The coefficient of determination (R
2
) for each line of best fit was presented on the graphs. This 

parameter described how well the predicted line fits the data points. A coefficient of determination equal 

to one signified the prediction fits the data perfectly. For the following graphs, the coefficient of 

determination was greater than 0.9 suggesting the predicted friction factors were useful representations of 

the test values. 

 

 

Figure 4.31 Coefficient of Friction for Lightweight/Lightweight Specimens 
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Figure 4.32 Coefficient of Friction for Normal Weight/Normal Weight Specimens 

 

 

Figure 4.33 Coefficient of Friction for Normal Weight/Lightweight Specimens 

 

 The contribution of cohesion and aggregate interlock at the interface to horizontal shear 

resistance is represented by a cohesion factor multiplied by the area of concrete at the interface. This is 

additive in the AASHTO LRFD equation and assumed to be lost once the bond failure load has occurred. 

The term 𝑐𝐴𝑐𝑣  was calculated by subtracting the post crack interface strength from the bond failure 
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strength, and a cohesion factor was calculated for each push-off test. The current code specifies a 

cohesion factor of c=0.28 ksi. Table 4.8 provides the average cohesion values calculated from the test 

results. 

Table 4.8 Experimental Cohesion Values 

 
LL NN NL 

Average Cohesion 

Coefficient (ksi) 
0.315 0.235 0.316 

.  

4.4.2 Reliability Analysis 

 One of the main focuses of this research was to examine the current resistance factor (𝜙) used in 

AASHTO LRFD for horizontal shear resistance in lightweight concrete. A reliability analysis was 

performed for the horizontal shear resistance of lightweight concrete elements. The resistance model was 

based on experimental data. For this analysis, the shear resistance was considered a random variable and 

the uncertainty of the resistance estimate is separated into three categories. The first category is a material 

factor. This factor encompasses an uncertainty introduced due to variability in the materials used. The 

second category is a fabrication factor representing variability in the fabrication of the specimens. The 

third category is referred to as a professional factor.  The professional factor represents the uncertainty of 

the theoretical model by representing variability of the ratio of tested values to calculated values. The 

material and fabrication factors were calculated from test results, while the professional factor came from 

previous research (Nowak 1999). The total horizontal shear resistance could then be taken as the product 

of the nominal resistance multiplied by these three factors. 

 The current equation from AASHTO LRFD was used to calculate horizontal shear resistance at 

the interface. Significant statistics, bias (λ), and coefficient of variation (CoV), were calculated for 

cohesion (𝑐) and friction coefficient (𝜇) from the three test results for each test combination. The λ and 

CoV used for the normal force (𝑃𝑛 ) came from previous research (Nowak 1999) as 1.05 and 0.10, 

respectively, assuming Pn could be treated as a dead load. For reinforcement yield stress (𝑓𝑦 ), λ = 1.12 and 

CoV = 0.11 were used from previous research (Ellingwood et al 1980). The concrete interface area (Acv) 

and area of shear reinforcement crossing the interface (Avf) were assumed to be deterministic. This 

assumption was appropriate since very little variation occurred between these values for the three test 

specimens used for each test combination. A summary of the statistical values can be found in   
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Table 4.9.  

 The material and fabrication parameters, λFM and CoVFM, were found by performing a Monte 

Carlo Simulation. The simulation involved randomly generating probabilities between zero and one for 

each component of the horizontal shear equation. These probabilities were then multiplied by the 

respective statistical parameters and combined to provide an estimate of horizontal shear resistance. This 

was repeated for 5500 simulations to generate a large database of possibilities. The λFM and CoVFM were 

then calculated from the horizontal shear resistance values produced. 

 The λFM and CoVFM were calculated for each test combination based on the three test results. This 

was a very small amount of data to use for reliability analysis but combining the nine test results for each 

combination of girder/deck concrete resulted in large variations in statistical parameters for cohesion and 

friction factors; therefore, each test combination was considered separately for the Monte Carlo 

Simulation. The resulting λFM and CoVFM for tests without shear reinforcement, tests with one No.4 bar 

and tests with three No.5 bars were averaged for each combination of girder/deck concrete. These average 

values were then used to calculate a resistance bias and coefficient of variation for 

lightweight/lightweight, normal weight/normal weight and normal weight/lightweight tests. The 

resistance values were calculated using the following equations: 

𝜆𝑅 = 𝜆𝑃𝜆𝐹𝑀  

𝐶𝑜𝑉𝑅 =  𝐶𝑜𝑉𝑃
2 + 𝐶𝑜𝑉𝐹𝑀

2 

where 𝜆𝑃 and 𝐶𝑜𝑉𝑃 were previously determined for shear in reinforced normal weight concrete as 1.075 

and 0.10. The mean bias for normal weight concrete in this research was found to be 1.16, while for 

lightweight concrete the mean bias was 1.26. From experimental data presented in this research, it can be 

concluded that the ratio of experimental to calculate nominal horizontal shear strength was approximately 

10% higher for lightweight concrete compared to normal weight concrete. Therefore, the professional 

factor for lightweight concrete in this study was increased by 10% to 1.18.  A summary of the bias and 

coefficients of variation is given in Table 4.10. 

 The limit state load combination for horizontal shear resistance at the interface of a bridge deck 

and bridge girder was considered to be a Strength I load combination. The horizontal shear resistance 

could then be written as: 

1.25𝐷𝐶 + 1.5𝐷𝑊 + 1.75(𝐿𝐿 + 𝐼𝑀)

𝜙
≤ 𝑉𝑛ℎ  
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 where: 

  𝐷𝐶 = dead load from the weight of structural components and non structural attachments 

  𝐷𝑊 = dead load from the weight of the wearing surface 

  𝐿𝐿 + 𝐼𝑀 = live load and impact load from the forces produced by moving vehicles on  

         the bridge 

 A bias factor of 1.05 was used for both dead loads and 1.28 for the live load, and the coefficients 

of variation were 0.1, 0.25, and 0.18 for DC, DW and LL respectively. These statistical parameters were 

given by Nowak (1999). To analyze the limit state, different ratios of live load to total load and dead load 

due to the weight of the wearing surface to total load were considered. The mean load and standard 

deviation for each situation could then be calculated using the given load parameters. 

 A reliability index (β) could then be calculated for each girder/deck concrete combination. 

Reliability indices describe a probability of failure (PF) as a function of the limit state function, the 

resistances, and the loads. The probability of failure is the probability that the resistance factor multiplied 

by the calculated resistance is less than the factored loads. A higher reliability index signifies a lower 

probability of failure. A β = 3.09 corresponds to PF = 10
-3

, and β = 3.71 corresponds to PF = 10
-4

.  Using 

the statistical parameters calculated for resistance and the statistical parameters of the given for the load 

combination, a reliability index could be calculated using the following equation: 

𝛽 =
𝜇𝑅 − 𝜇𝑄

 𝜎𝑅
2 + 𝜎𝑄

2
 

 where: 

  𝜇𝑅  = mean of the resistance 

  𝜇𝑄 = mean of the load combination 

  𝜎𝑅 = standard deviation of the resistance 

  𝜎𝑄 = standard deviation of the load combination 

 Reliability indices were calculated for an assumed resistance factor and multiple loading 

possibilities. The average β was then taken for multiple combinations of load variations. A resistance 

factor was assumed for the initial calculation, then an iterative process was used to determine a resistance 

factor that provided an average reliability index equal to or greater than the target reliability index of 3.5. 
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A target reliability index of 3.5 is used for design of reinforced or prestressed concrete girder bridges. 

Figure 4.34 shows the variance in β with variance in Φ for normal weight and lightweight concrete. 

 Table 4.11 shows the calculated resistance factor to achieve a target reliability index of 3.5 

rounded to the nearest 0.05 and corresponding β values. In this table, these results are compared to the β 

values obtained when the current LRFD resistance factors were used in the analysis. With the current 

LRFD resistance factors, normal weight concrete had a β of 2.88 and lightweight concrete a β of 3.27. 

The resistance factor needed for this analysis for lightweight concrete to achieve a reliability index of 

2.88, the same as the reliability index for normal weight using the current resistance factor of 0.9, was 

found to be 0.85. The comparison of these values can be seen in Figure 4.34.  

 Plots of the reliability index versus the ratio of live load to total load versus the ratio of dead 

weight from the wearing surface to the total load for each combination of girder/deck concrete can be 

found in Figure 4.35 to Figure 4.37.  It can be seen in each plot that as the percentage of live load and 

percentage of dead load from the wearing surface increased, the reliability index increased and the 

average of the surface created by the varied load combinations gave a reliability index of 3.5. 
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Table 4.9 Statistical Values Used in Monte Carlo Simulation for Each Test Combination 

 
λ CoV 

 
c Acv μ Avf fy Pn c Acv μ Avf fy Pn 

LL-0 1.33 

1 

2.80 

1 1.12 1.05 

0.163 

0 

0.158 

0 0.11 0.10 LL-1 1.35 1.78 0.318 0.045 

LL-3 0.696 1.27 0.047 0.089 

NN-0 1.40 

1 

2.08 

1 1.12 1.05 

0.026 

0 

0.214 

0 0.11 0.10 NN-1 0.724 2.56 0.127 0.271 

NN-3 0.386 1.53 0.296 0.062 

NL-0 1.53 

1 

2.96 

1 1.12 1.05 

0.210 

0 

0.211 

0 0.11 0.10 NL-1 1.12 2.10 0.084 0.059 

NL-3 0.553 1.34 0.288 0.141 

 

 

Table 4.10 Bias and Coefficients of Variation 

 
λFM λP λR CoVFM CoVP CoVR 

LL 1.26 1.18 1.48 0.16 0.1 0.19 

NN 1.17 1.075 1.26 0.10 0.1 0.14 

NL 1.34 1.18 1.34 0.15 0.1 0.18 
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Figure 4.34 Reliability Indices versus Resistance Factors 

 

Table 4.11 Calculated Resistance Factor versus LRFD 

 

LL NN NL 

Resistance Factor (φ) 0.6 0.7 0.75 0.9 0.6 0.7 

Average β 3.57 3.27 3.56 2.88 3.53 3.20 
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Figure 4.35 Reliability Index versus Percentage of Live Load versus Percentage of Dead Load from 

Wearing Surface for Lightweight/Lightweight Specimens 

 

 

Figure 4.36 Reliability Index versus Percentage of Live Load versus Percentage of Dead Load from 

Wearing Surface for Normal Weight/Normal Weight Specimens 
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Figure 4.37 Reliability Index versus Percentage of Live Load versus Percentage of Dead Load from 

Wearing Surface for Normal Weight/Lightweight Specimens 

 

4.5 Results Compared to Wallenfelsz 

 Wallenfelsz (2006) proposed a modification to AASHTO LRFD’s equation for nominal shear 

resistance (Eq.5.8.4.1-3). Since resistance provided from friction does not occur until a crack forms at the 

interface, assuming the contribution of cohesion (𝑐𝐴𝑐𝑣 ) and friction (𝜇(𝐴𝑣𝑓𝑓𝑦 + 𝑃𝑛 )) to be additive for the 

resultant bond failure load did not agree with the observed test behavior. The proposed modification 

suggests taking the maximum of the two components: 

𝑉𝑛𝑖 = 𝑚𝑎𝑥  
𝑐𝐴𝑐𝑣

𝜇(𝐴𝑣𝑓𝑓𝑦 + 𝑃𝑛 )
  

Figure 4.38 and Figure 4.39 provide this modified equation plotted against test results from this research. 

The bond failure results lie above both the cohesion and friction lines. This approach accounted for the 

increase in bond failure strength with an increase in shear reinforcement. As the amount of reinforcement 

increased, the clamping stress increased and the friction equation began to control. This accounted for the 

shear resistance to become dominated by dowel action in the provided reinforcement rather than the 
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cohesion and aggregate interlock of the concrete at the interface. The post crack interface results followed 

closely to the friction line.  

 

 

Figure 4.38 Bond Failure Stress Results with Wallenfelsz’s Modified Equation 

 

 

Figure 4.39 Post Crack Interface Stress Results with Wallenfelsz’s Modified Equation 
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 Figure 4.40 graphs the same equations as Figure 4.38, except includes the test results from 

specimens containing five No.6 stirrups. These test results provided a lower bound to test data. It can be 

seen in the graph that with the modified equation, the specimens supported Wallenfelsz’s equation in that 

they achieved a greater stress than provided by the cohesion equation. For specimens with 5 No.6 bars, 

the friction equation governed for the nominal shear interface strength. These specimens did not achieve 

failure at the interface so the nominal shear resistance was not found, but it was proven to be greater than 

what was predicted from cohesion.  

 

 

Figure 4.40 Failure Results Including 5 No.6 Bars with Wallenfelsz’s Modified Equation 

 

 Table 4.12 provides a summary of the calculated horizontal shear strength and the experimental 

horizontal shear strength. The bias values were higher for lightweight/lightweight and normal 

weight/lightweight than the normal weight/normal weight specimens. As the amount of shear 

reinforcement increased, the bias values also increased.  

  



87 

 

Table 4.12 Summary of Experimental and Wallenfelsz Calculated Horizontal Shear Strength 

  

Wallenfelsz 

Calculated 

Vni(k) 

Bond 

Failure 

(k) 

Mean 

Bond 

Failure 

(k) 

Bias 

Vtest/Vni 

Mean 

Bias 

Overall 

Bias 

LL-0-A 108 132 

150 

1.22 

1.39 

1.70 

LL-0-B 108 140 1.31 

LL-0-C 108 178 1.65 

LL-1-A 108 242 

192 

2.25 

1.79 LL-1-B 108 147 1.37 

LL-1-C 108 188 1.75 

LL-3-A 113 201 

218 

1.78 

1.93 LL-3-B 113 223 1.97 

LL-3-C 113 230 2.04 

NN-0-A 108 153 

156 

1.42 

1.45 

1.57 

NN-0-B 108 160 1.49 

NN-0-C 108 156 1.45 

NN-1-A 108 123 

146 

1.15 

1.36 NN-1-B 108 141 1.32 

NN-1-C 108 173 1.61 

NN-3-A 113 195 

214 

1.73 

1.89 NN-3-B 113 218 1.93 

NN-3-C 113 229 2.02 

NL-0-A 108 186 

172 

1.73 

1.60 

1.73 

NL-0-B 108 131 1.22 

NL-0-C 108 197 1.83 

NL-1-A 108 169 

176 

1.58 

1.64 NL-1-B 108 175 1.63 

NL-1-C 108 183 1.70 

NL-3-A 113 242 

221 

2.14 

1.95 NL-3-B 113 238 2.10 

NL-3-C 113 183 1.62 
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 CHAPTER 5: SUMMARY, CONCLUSIONS AND 

RECOMMENDATIONS 

5.1 Summary 

  Using lightweight concrete in concrete bridge design decreases the overall dead load of the 

structure. This reduced dead load provides many advantages in bridge design. These advantages include 

achieving longer bridge spans, building wider decks on the same size sub-structure, and using smaller 

bridge sub-structures. Also, the handling costs of precast girders are decreased by using lightweight 

concrete versus normal weight concrete.  

 In concrete bridge design, precast girders and cast-in-place decks are a popular type of bridge 

construction. Developing composite action between the two components is a key part of this type of 

design, and providing adequate horizontal shear strength at the interface of these components is of 

primary importance to develop composite action. This research was to examine the interface horizontal 

shear strength of lightweight concrete to further understand the advantages and disadvantages of using 

lightweight concrete in bridge design. The current AASHTO LRFD (4
th
 Edition) design equation for 

interface horizontal shear strength of cast-in-place concrete decks on precast concrete girders implies 

lightweight concrete’s behavior in shear has more variability than normal weight concrete. To signify this, 

a resistance factor of 0.7 is used for lightweight concrete and a resistance factor of 0.9 is used for normal 

weight concrete.  

 A total of 36 push-off tests were conducted in this research to compare lightweight and normal 

weight concrete’s horizontal shear strength. These tests investigated two parameters. The first parameter 

was the ratio of the area of horizontal shear reinforcement to the area of concrete at the interface of the 

bridge deck and bridge girder. Four levels of this ratio were investigated: no horizontal shear 

reinforcement, the minimum allowed amount of reinforcement, the maximum allowed amount of 

reinforcement, and an intermediate amount of reinforcement. This was to examine the behavior of 

horizontal shear strength as the amount of horizontal shear reinforcement increased. The next parameter 

investigated was the combination of deck and girder concrete. These combinations included a lightweight 

deck cast on a lightweight girder, a lightweight deck cast on a normal weight girder, and a normal weight 

deck cast on a normal weight girder. This was to compare the behavior of lightweight concrete to that of 

normal weight concrete. Each of the 12 configurations of push off tests was repeated three times to 
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provide information on the variability of test behavior. These three repetitions were to provide data to 

examine the variance of interface shear strength in lightweight concrete and normal weight concrete.  

 

5.2 Conclusions 

 The results from push off tests performed in this research indicate the current design equation 

from AASHTO LRFD (4
th
 Edition) conservatively predicts interface horizontal shear strength for a 

precast concrete girder and cast-in-place concrete deck. Design calculations were more conservative for 

specimens containing lightweight concrete than specimens made of normal weight concrete. This was 

valid for design calculations before and after applying the current resistance factors.  

 Specimens made of a normal weight girder and lightweight deck had similar behavior as 

specimens that were made of a lightweight girder and lightweight deck. Test results indicated the 

horizontal shear strength of girder/deck combinations with lightweight concrete were greater than the 

horizontal shear strength of normal weight concrete. 

 The average post crack interface strength was greater for normal weight/normal weight specimens 

than lightweight specimens when horizontal shear reinforcement was provided. Specimens without 

horizontal shear reinforcement had slightly higher post crack interface strengths when lightweight 

concrete was used. Test results revealed the friction factor for normal weight concrete to be greater than 

lightweight concrete and the average cohesion factor to be greater for lightweight concrete than for 

normal weight concrete. 

 Horizontal shear reinforcement crossing the interface had measured strain values greater than 

yield strain either right before or right after cracking at the interface occurred. This validated that the yield 

strength of the shear reinforcement should be used in the horizontal shear strength equation. When higher 

amounts of horizontal shear reinforcement were provided at the interface, the strain values in the 

reinforcement at cracking were lower than with lower amounts of reinforcement. The reinforcement still 

exhibited strain values suggesting yielding of the reinforcement once cracking occurred. 

 As the amount of shear reinforcement at the interface increased, the ratio of tested horizontal 

shear strength to LRFD calculated strength decreased. This ratio decreased at a greater rate for 

lightweight concrete than for normal weight concrete supporting the idea that lightweight concrete may 

not be as responsive to an increase in horizontal shear reinforcement as normal weight concrete.  
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 Resistance factors calculated from the reliability analysis performed on test data only varied 

slightly for normal weight/lightweight and lightweight/lightweight specimens. The lower resistance factor 

calculated for specimens with lightweight concrete indicated the variance in lightweight concrete was 

greater than variance in normal weight concrete. The current LRFD resistance factors provided a lower 

reliability index of 2.88 for normal weight concrete compared to 3.27 for lightweight concrete, both 

typically acceptable values. However, the target reliability index is 3.5, and the reduced phi factors 

accommodate for this but many more data points would be necessary to constitute any changes in the 

current code values. 

 Wallenfelsz’s recommended modification to the AASHTO LRFD nominal shear resistance 

equation better predicts behavior seen in test data from this research. The modified equation provides a 

more conservative predicted resistance than AASHTO’s current equation but the trend seen in data when 

the amount of shear reinforcement is increased is modeled by Wallenfelsz’s theory. 

  

5.3 Design Recommendations 

 AASHTO LRFD’s current design philosophy considers the horizontal shear resistance at the 

interface to be a combination of cohesion and friction from a net clamping force provided by the shear 

reinforcement crossing the interface and a net normal compressive force acting on the interface. This 

addition of the two components does not predict the observed test behavior. Since the friction component 

is not formed until the bond at the interface is broken, Wallenfelsz’s modification of taking the shear 

resistance as the maximum of the two components in the equation follows the noted trend in test behavior. 

 The conservative predicted values suggest an increase in the current friction coefficient values. 

Interface resistance results for specimens with 5 No.6 stirrups would better explain the trend in the 

friction coefficient increase. Figure 5.1 shows the proposed equation and modified factors plotted against 

the results. 

𝑉𝑛𝑖 =   𝑚𝑎𝑥 
𝑐𝐴𝑐𝑣

𝜇(𝐴𝑣𝑓𝑓𝑦 + 𝑃𝑛 ) 

where: 

𝑐 = cohesion coefficient (0.28 ksi) 

𝐴𝑐𝑣  = area of concrete at the interface (in
2
) 
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𝜇 = 1.58 normal weight 

   = 1.29 lightweight 

𝐴𝑣𝑓= area of shear reinforcement crossing the interface (in
2
) 

𝑓𝑦= yield stress of reinforcement (ksi) 

𝑃𝑛= permanent net compressive force normal to the shear plane (k) 

 

 

Figure 5.1 Bond Failure Stress Results with Recommended Shear Resistance Equation 

  

 From the reliability analysis performed, results suggest a resistance factor of 0.7 used on 

lightweight concrete to be very conservative for test data. A resistance factor of 0.85 for 

lightweight/lightweight specimens and 0.8 for normal weight/lightweight specimens provides the same 

reliability index as that given in the reliability analysis for normal weight concrete’s current resistance 

factor of 0.9.  
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5.4 Recommendations for Future Research 

 More tests should be performed on each test configuration to provide a greater amount of data for an 

accurate reliability analysis and calculating a resistance factor. 

 Push off test specimens should be re-designed for specimens containing the maximum amount of 

shear reinforcement to ensure failure at the interface will occur before failure in the specimen. 

 Further research should be performed to distinguish the friction factor for lightweight concrete and 

for normal weight concrete. 

 Further research should be performed to quantify the difference in the cohesion factor between 

lightweight and normal weight concrete. 

 Strut and Tie Models for the interface shear strength should be further investigated to develop a 

model that represents the flow of forces across the interface and a method to determine the correct 

angle of internal friction to be used in the models. 
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APPENDIX A 
 

Load versus Slip Diagrams 
& 

Load versus Strain Diagrams  
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LL-0-A 
 

Specimen Details 
Reinforcing none 

Area of Reinforcement, Avf  (in
2) - 

Normal Force, Pn (k) 2.54 

Width of Interface, bv (in.) 16 

Length of interface, s (in.) 24 

f'c deck concrete (ksi) 6.25 

f'c girder concrete (ksi) 11.14 

Failure Load (k) 132 

Displacement at Failure Load 
(in.) 

Top 0.031 

Bottom 0.049 

% εy in Reinforcing at Failure 
(%) 

SG-1 - 

SG-2 - 

SG-3 - 

SG-4 - 

Post Crack Interface Strength (k) 6.68 
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LL-0-B 
 

Specimen Details 
Reinforcing none 

Area of Reinforcement, Avf  (in
2) - 

Normal Force, Pn (k) 2.54 

Width of Interface, bv (in.) 16 

Length of interface, s (in.) 24 

f'c deck concrete (ksi) 6.25 

f'c girder concrete (ksi) 11.14 

Failure Load (k) 140 

Displacement at Failure Load 
(in.) 

Top 0.041 

Bottom 0.052 

% εy in Reinforcing at Failure 
(%) 

SG-1 - 

SG-2 - 

SG-3 - 

SG-4 - 

Post Crack Interface Strength (k) 6.27 
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LL-0-C 
 

Specimen Details 
Reinforcing none 

Area of Reinforcement, Avf  (in
2) - 

Normal Force, Pn (k) 2.54 

Width of Interface, bv (in.) 16 

Length of interface, s (in.) 24 

f'c deck concrete (ksi) 6.25 

f'c girder concrete (ksi) 11.14 

Failure Load (k) 178 

Displacement at Failure Load 
(in.) 

Top 0.066 

Bottom 0.045 

% εy in Reinforcing at Failure 
(%) 

SG-1 - 

SG-2 - 

SG-3 - 

SG-4 - 

Post Crack Interface Strength (k) 8.39 
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NN-0-A 
 

Specimen Details 
Reinforcing none 

Area of Reinforcement, Avf  (in
2) - 

Normal Force, Pn (k) 2.54 

Width of Interface, bv (in.) 16 

Length of interface, s (in.) 24 

f'c deck concrete (ksi) 6.15 

f'c girder concrete (ksi) 7.78 

Failure Load (k) 153 

Displacement at Failure Load 
(in.) 

Top 0.032 

Bottom 0.035 

% εy in Reinforcing at Failure 
(%) 

SG-1 - 

SG-2 - 

SG-3 - 

SG-4 - 

Post Crack Interface Strength (k) 6.15 
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NN-0-B 
 

Specimen Details 
Reinforcing none 

Area of Reinforcement, Avf  (in
2) - 

Normal Force, Pn (k) 2.54 

Width of Interface, bv (in.) 16 

Length of interface, s (in.) 24 

f'c deck concrete (ksi) 6.15 

f'c girder concrete (ksi) 7.78 

Failure Load (k) 160 

Displacement at Failure Load 
(in.) 

Top 0.048 

Bottom 0.019 

% εy in Reinforcing at Failure 
(%) 

SG-1 - 

SG-2 - 

SG-3 - 

SG-4 - 
Post Crack Interface Strength 

(k) 
5.70 
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NN-0-C 
 

Specimen Details 
Reinforcing none 

Area of Reinforcement, Avf  (in
2) - 

Normal Force, Pn (k) 2.54 

Width of Interface, bv (in.) 16 

Length of interface, s (in.) 24 

f'c deck concrete (ksi) 6.15 

f'c girder concrete (ksi) 7.78 

Failure Load (k) 156 

Displacement at Failure Load 
(in.) 

Top 0.033 

Bottom 0.079 

% εy in Reinforcing at Failure 
(%) 

SG-1 - 

SG-2 - 

SG-3 - 

SG-4 - 
Post Crack Interface Strength 

(k) 
4.01 
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NL-0-A 
 

Specimen Details 
Reinforcing none 

Area of Reinforcement, Avf  (in
2) - 

Normal Force, Pn (k) 2.54 

Width of Interface, bv (in.) 16 

Length of interface, s (in.) 24 

f'c deck concrete (ksi) 6.25 

f'c girder concrete (ksi) 7.78 

Failure Load (k) 186 

Displacement at Failure Load 
(in.) 

Top 0.042 

Bottom 0.029 

% εy in Reinforcing at Failure 
(%) 

SG-1 - 

SG-2 - 

SG-3 - 

SG-4 - 
Post Crack Interface Strength 

(k) 
9.30 
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NL-0-B 
 

Specimen Details 
Reinforcing none 

Area of Reinforcement, Avf  (in
2) - 

Normal Force, Pn (k) 2.54 

Width of Interface, bv (in.) 16 

Length of interface, s (in.) 24 

f'c deck concrete (ksi) 6.25 

f'c girder concrete (ksi) 7.78 

Failure Load (k) 131 

Displacement at Failure Load 
(in.) 

Top 0.034 

Bottom 0.047 

% εy in Reinforcing at Failure 
(%) 

SG-1 - 

SG-2 - 

SG-3 - 

SG-4 - 
Post Crack Interface Strength 

(k) 
6.34 
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NL-0-C 
 

Specimen Details 
Reinforcing none 

Area of Reinforcement, Avf  (in
2) - 

Normal Force, Pn (k) 2.54 

Width of Interface, bv (in.) 16 

Length of interface, s (in.) 24 

f'c deck concrete (ksi) 6.25 

f'c girder concrete (ksi) 7.78 

Failure Load (k) 197 

Displacement at Failure Load 
(in.) 

Top 0.054 

Bottom 0.018 

% εy in Reinforcing at Failure 
(%) 

SG-1 - 

SG-2 - 

SG-3 - 

SG-4 - 
Post Crack Interface Strength 

(k) 
6.86 
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LL-1-A 
 

Specimen Details 
Reinforcing 2 legs of No.4 Bar 

Area of Reinforcement, Avf  (in2) 0.4 

Normal Force, Pn (k) 2.54 

Width of Interface, bv (in.) 16 

Length of interface, s (in.) 24 

f'c deck concrete (ksi) 6.25 

f'c girder concrete (ksi) 11.14 

Failure Load (k) 242 

Displacement at Failure Load (in.) 
Top 0.054 

Bottom 0.018 

% εy in Reinforcing at Failure 

SG-1 126% 

SG-2 15% 

SG-3 - 

SG-4 - 

Post Crack Interface Strength (k) 49.8 
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LL-1-B 
 

Specimen Details 
Reinforcing 2 legs of No.4 Bar 

Area of Reinforcement, Avf  (in2) 0.4 

Normal Force, Pn (k) 2.54 

Width of Interface, bv (in.) 16 

Length of interface, s (in.) 24 

f'c deck concrete (ksi) 6.25 

f'c girder concrete (ksi) 11.14 

Failure Load (k) 147 

Displacement at Failure Load 
(in.) 

Top 0.050 

Bottom 0.061 

% εy in Reinforcing at Failure 

SG-1 106% 

SG-2 163% 

SG-3 - 

SG-4 - 

Post Crack Interface Strength (k) 46.6 
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LL-1-C 
 

Specimen Details 
Reinforcing 2 legs of No.4 Bar 

Area of Reinforcement, Avf  (in2) 0.4 

Normal Force, Pn (k) 2.54 

Width of Interface, bv (in.) 16 

Length of interface, s (in.) 24 

f'c deck concrete (ksi) 6.25 

f'c girder concrete (ksi) 11.14 

Failure Load (k) 188 

Displacement at Failure Load 
(in.) 

Top 0.080 

Bottom 0.051 

% εy in Reinforcing at Failure 

SG-1 79% 

SG-2 - 

SG-3 - 

SG-4 - 

Post Crack Interface Strength (k) 45.7 
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NN-1-A 
 

Specimen Details 
Reinforcing 2 legs of No.4 Bar 

Area of Reinforcement, Avf  (in2) 0.4 

Normal Force, Pn (k) 2.54 

Width of Interface, bv (in.) 16 

Length of interface, s (in.) 24 

f'c deck concrete (ksi) 6.15 

f'c girder concrete (ksi) 7.78 

Failure Load (k) 123 

Displacement at Failure Load 
(in.) 

Top 0.026 

Bottom 0.075 

% εy in Reinforcing at Failure 

SG-1 5% 

SG-2 10% 

SG-3 - 

SG-4 - 

Post Crack Interface Strength (k) 57.0 
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NN-1-B 
 

Specimen Details 
Reinforcing 2 legs of No.4 Bar 

Area of Reinforcement, Avf  (in2) 0.4 

Normal Force, Pn (k) 2.54 

Width of Interface, bv (in.) 16 

Length of interface, s (in.) 24 

f'c deck concrete (ksi) 6.15 

f'c girder concrete (ksi) 7.78 

Failure Load (k) 141 

Displacement at Failure Load 
(in.) 

Top 0.033 

Bottom 0.059 

% εy in Reinforcing at Failure 

SG-1 5% 

SG-2 4% 

SG-3 - 

SG-4 - 

Post Crack Interface Strength (k) 57.8 
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NN-1-C 
 

Specimen Details 
Reinforcing 2 legs of No.4 Bar 

Area of Reinforcement, Avf  (in2) 0.4 

Normal Force, Pn (k) 2.54 

Width of Interface, bv (in.) 16 

Length of interface, s (in.) 24 

f'c deck concrete (ksi) 6.15 

f'c girder concrete (ksi) 7.78 

Failure Load (k) 173 

Displacement at Failure Load 
(in.) 

Top 0.048 

Bottom 0.070 

% εy in Reinforcing at Failure 

SG-1 8% 

SG-2 5% 

SG-3 - 

SG-4 - 

Post Crack Interface Strength (k) 89.4 
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NL-1-A 
 

Specimen Details 
Reinforcing 2 legs of No.4 Bar 

Area of Reinforcement, Avf  (in2) 0.4 

Normal Force, Pn (k) 2.54 

Width of Interface, bv (in.) 16 

Length of interface, s (in.) 24 

f'c deck concrete (ksi) 6.25 

f'c girder concrete (ksi) 7.78 

Failure Load (k) 169 

Displacement at Failure Load 
(in.) 

Top 0.055 

Bottom 0.054 

% εy in Reinforcing at Failure 

SG-1 276% 

SG-2 134% 

SG-3 - 

SG-4 - 

Post Crack Interface Strength (k) 59.3 
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NL-1-B 
 

Specimen Details 

Reinforcing 2 legs of No.4 Bar 

Area of Reinforcement, Avf  (in2) 0.4 

Normal Force, Pn (k) 2.54 

Width of Interface, bv (in.) 16 

Length of interface, s (in.) 24 

f'c deck concrete (ksi) 6.25 

f'c girder concrete (ksi) 7.78 

Failure Load (k) 175 

Displacement at Failure Load 
(in.) 

Top 0.059 

Bottom 0.073 

% εy in Reinforcing at Failure 

SG-1 - 

SG-2 - 

SG-3 - 

SG-4 - 

Post Crack Interface Strength (k) 54.8 
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NL-1-C 
 

Specimen Details 
Reinforcing 2 legs of No.4 Bar 

Area of Reinforcement, Avf  (in2) 0.4 

Normal Force, Pn (k) 2.54 

Width of Interface, bv (in.) 16 

Length of interface, s (in.) 24 

f'c deck concrete (ksi) 6.25 

f'c girder concrete (ksi) 7.78 

Failure Load (k) 183 

Displacement at Failure Load 
(in.) 

Top 0.048 

Bottom 0.056 

% εy in Reinforcing at Failure 

SG-1 10% 

SG-2 10% 

SG-3 - 

SG-4 - 

Post Crack Interface Strength (k) 53.0 
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LL-3-A 

 
Specimen Details 

Reinforcing 
6 legs of No.5 

Bar 
Area of Reinforcement, Avf  

(in2) 
1.842 

Normal Force, Pn (k) 2.54 
Width of Interface, bv (in.) 16 
Length of interface, s (in.) 24 

f'c deck concrete (ksi) 5.73 
f'c girder concrete (ksi) 11.14 

Failure Load (k) 201 
Displacement at Failure Load 

(in.) 
Top 0.000 

Bottom 0.071 

% εy in Reinforcing at Failure 

SG-1 84% 
SG-2 47% 
SG-3 16% 
SG-4 47% 

Post Crack Interface Strength 
(k) 

128 
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LL-3-B 
 

Specimen Details 

Reinforcing 
6 legs of No.5 

Bar 
Area of Reinforcement, Avf  (in

2) 1.842 

Normal Force, Pn (k) 2.54 

Width of Interface, bv (in.) 16 
Length of interface, s (in.) 24 

f'c deck concrete (ksi) 5.73 
f'c girder concrete (ksi) 11.14 

Failure Load (k) 223 
Displacement at Failure Load 

(in.) 
Top 0.101 

Bottom 0.076 

% εy in Reinforcing at Failure 

SG-1 131% 
SG-2 59% 
SG-3 18% 
SG-4 46% 

Post Crack Interface Strength (k) 150 
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LL-3-C 
 

Specimen Details 
Reinforcing 6 legs of No.5 Bar 

Area of Reinforcement, Avf  (in2) 1.842 

Normal Force, Pn (k) 2.54 

Width of Interface, bv (in.) 16 

Length of interface, s (in.) 24 

f'c deck concrete (ksi) 5.73 

f'c girder concrete (ksi) 11.14 

Failure Load (k) 230 

Displacement at Failure Load 
(in.) 

Top 0.092 

Bottom 0.107 

% εy in Reinforcing at Failure 

SG-1 73% 

SG-2 - 

SG-3 40% 

SG-4 29% 

Post Crack Interface Strength (k) 152 
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NN-3-A 
 

Specimen Details 
Reinforcing 6 legs of No.5 Bar 

Area of Reinforcement, Avf  (in2) 1.842 

Normal Force, Pn (k) 2.54 

Width of Interface, bv (in.) 16 

Length of interface, s (in.) 24 

f'c deck concrete (ksi) 6.15 

f'c girder concrete (ksi) 7.78 

Failure Load (k) 195 

Displacement at Failure Load 
(in.) 

Top 0.052 

Bottom 0.159 

% εy in Reinforcing at Failure 

SG-1 - 

SG-2 - 

SG-3 24% 

SG-4 - 

Post Crack Interface Strength (k) 167 
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NN-3-B 
 

Specimen Details 
Reinforcing 6 legs of No.5 Bar 

Area of Reinforcement, Avf  (in2) 1.842 

Normal Force, Pn (k) 2.54 

Width of Interface, bv (in.) 16 

Length of interface, s (in.) 24 

f'c deck concrete (ksi) 6.15 

f'c girder concrete (ksi) 7.78 

Failure Load (k) 218 

Displacement at Failure Load 
(in.) 

Top 0.071 

Bottom 0.118 

% εy in Reinforcing at Failure 

SG-1 - 

SG-2 41% 

SG-3 32% 

SG-4 15% 

Post Crack Interface Strength (k) 166 
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NN-3-C 
 

Specimen Details 
Reinforcing 6 legs of No.5 Bar 

Area of Reinforcement, Avf  (in2) 1.842 

Normal Force, Pn (k) 2.54 

Width of Interface, bv (in.) 16 

Length of interface, s (in.) 24 

f'c deck concrete (ksi) 6.15 

f'c girder concrete (ksi) 7.78 

Failure Load (k) 229 

Displacement at Failure Load 
(in.) 

Top 0.082 

Bottom 0.090 

% εy in Reinforcing at Failure 

SG-1 - 

SG-2 - 

SG-3 - 

SG-4 - 

Post Crack Interface Strength (k) 185 
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NL-3-A 
 

Specimen Details 
Reinforcing 6 legs of No.5 Bar 

Area of Reinforcement, Avf  (in
2) 1.842 

Normal Force, Pn (k) 2.54 

Width of Interface, bv (in.) 16 

Length of interface, s (in.) 24 

f'c deck concrete (ksi) 5.73 

f'c girder concrete (ksi) 7.78 

Failure Load (k) 242 

Displacement at Failure Load 
(in.) 

Top 0.083 

Bottom 0.112 

% εy in Reinforcing at Failure 

SG-1 77% 

SG-2 59% 

SG-3 37% 

SG-4 14% 

Post Crack Interface Strength (k) - 
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NL-3-B 

 
Specimen Details 

Reinforcing 6 legs of No.5 Bar 

Area of Reinforcement, Avf  (in
2) 1.842 

Normal Force, Pn (k) 2.54 

Width of Interface, bv (in.) 16 

Length of interface, s (in.) 24 

f'c deck concrete (ksi) 5.73 

f'c girder concrete (ksi) 7.78 

Failure Load (k) 238 

Displacement at Failure Load 
(in.) 

Top 0.047 

Bottom 0.055 

% εy in Reinforcing at Failure 

SG-1 18% 

SG-2 6% 

SG-3 12% 

SG-4 14% 

Post Crack Interface Strength (k) 166 
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NL-3-C 

 
Specimen Details 

Reinforcing 6 legs of No.5 Bar 

Area of Reinforcement, Avf  (in
2) 1.842 

Normal Force, Pn (k) 2.54 

Width of Interface, bv (in.) 16 

Length of interface, s (in.) 24 

f'c deck concrete (ksi) 5.73 

f'c girder concrete (ksi) 7.78 

Failure Load (k) 183 

Displacement at Failure Load 
(in.) 

Top 0.064 

Bottom 0.175 

% εy in Reinforcing at Failure 

SG-1 88% 

SG-2 - 

SG-3 65% 

SG-4 99% 

Post Crack Interface Strength (k) 136 
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